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(57) Abstract 



The present invention is directed to support members having surfaces that are rendered hydrophilic for use as a substrate for the 
immobilization of bioactive species thereon. The hydrophilic surfaces are chemically stable on the support member. The surfaces are 
also chemically variable to provide a variety of chemically functional groups for immobilization of bioactive species thereto. The surfaces 
comprise polymeric surfactants attached onto the surfaces of a support member and covalently cross-linked thereon to form a first layer. 
Hydrophilic polymers are then attached to the first layer on the support member to form a second layer thereon. Hie second layer is used 
to enhance the hydrophilicity of a support member as well as to provide a substrate for immobilizing bioactive species thereto. Methods for 
forming the first and second layers are also provided. In addition, methods for attaching bioactive substances to the hydrophilic polymers 
are provided. 
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Materials And Methods For The Immobilization 
Of Bioactive Species Onto Polymeric Substrates 



This application is a continuation-in-part of co-pending application Serial No. 
08/660,698, filed June 3, 1996. 

Field Qfthe Invention 

The present invention relates generally to immobilized chemically functional entities. 
More particularly, the invention relates to materials and methods for the immobilization of 
bioactive species onto polymeric substrates. 



In the fields of biotechnology, biomedicine, and bioremediation, for example, 
bioactive species are often immobilized onto a support member to more effectively utilize the 
bioactive species. The term "immobilize," and its derivatives, as used herein refers to the 
attachment of a bioactive species directly to a support member or, to a support member through 
at least one intermediate component. As used herein, the term "attach" and its derivatives refer 
to adsorption, such as, physisorption or chemisorption, ligand/receptor interaction, covalent 
bonding, hydrogen bonding, or ionic bonding of a polymeric substance or a bioactive species 
to a support member. Bioactive species include enzymes, organic catalysts, ribozymes, 
organometallics, proteins, glycoproteins, peptides, polyamino acids, antibodies, nucleic acids, 
steroidal molecules, antibiotics, antimycotics, cytokines, carbohydrates, oleophobics, lipids, 
pharmaceuticals, and therapeutics, for example. Cells, such as, mammalian cells, reptilian 
cells, amphibian cells, avian cells, insect cells, planktonic cells, cells from non-mammalian 
marine vertebrates and invertebrates, plant cells, microbial cells, protists, genetically 
engineered cells, and organelles, such as mitochondria, are also bioactive species. In addition, 
non-cellular biological entities, such as viruses, virenos, and prions are considered bioactive 
species. 

There are various materials suitable for use as a support member for immobilizing 
bioactive species. Examples of these materials include hydrocarbon polymers, fluorocarbon 
polymers, ceramics, and metals. Of these materials, polytetrafluoroethylene and porous 
polytetrafluoroethylene, are of particular interest as support members. Polytetrafluoroethylene 
(PTFE) is a hydrophobic fluorocarbon polymer well known to have exceptional resistance to 
solvent and chemical attack. Porous polytetrafluoroethylene can be made in a variety of ways. 
For example, coextrusion of a polytetrafluoroethylene extrudate with a readily vaporizable 
material, such as naptha, forms a material from which the readily vaporizable material is 
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ultimately removed to render the material porous (See U.S. Patent No. 3,281,51 1 , which is 
incorporated herein by reference). Expanded polytetrafluoroethylene (ePTFE) or stretched 
polytetrafluoroethylene are porous fluorocarbon polymer materials characterized pnmanly by a 
multiplicity of interconnecting voids defined by nodes and fibrils of polytetrafluorethylene 
5 material Expanded PTFE materials, including ePTFE membranes and films described 
hcreinbelow, may be made according to the teachings of U.S. Patent Nos. 3,953,566, 
3 962 153 4,096,227, 4,187,390, and 4,902,423, each of which is incorporated herein by 
reference. In general, porous PTFE materials are chemically stable and very biocompatible. 
The materials have easily conttolled pore sizes with large surface area/volume ratios, good 
10 mechanical strength, and good resistance to fouling, among other properties. Accordingly, 
these materials are attractive as support members for the immobilization of bioactive species. 

Several methods for immobilizing bioactive species onto fluorocarbon polymers, such 
as PTFE porous PTFE, or hydrocarbon polymeric materials have been taught in the literature. 
These methods include, for example, chemical modifications of the polymeric material to form 
15 chemically reactive groups thereon for covalent bonding of a bioactive species to the matenal, 
adsorption of a bioactive species to the polymeric material, and modifying the polymeric 
material and/or a bioactive species with compatibilizers, surfactants, or wetting agents to alter 
their surface energies. As described below, there are difficulties with each of these methods. 
Due to the extreme chemical inertness of the backbone of fluorocarbon polymers and 
20 many hydrocarbon polymers, only highly energetic classes of reactions can successfully alter 
the backbone of these materials to produce chemically reactive organic moieties thereon. When 
chemically reactive organic moieties are formed along the backbone of a fluorocarbon or 
hydrocarbon polymer, bioactive species can be attached to the moieties. For example, enzymes 
have been chemically attached onto ammonia plasma-treated fluoropolymer surfaces using 
25 ammonia plasma and glutaraldehyde (See M. Kawakami, H. Koya, and S. Gondo, 
"immobilization of glucose oxidase on polymer membranes treated by 

plasma " Pj^h Bioeng. . 32: 369, (1988)), or aminosilane and glutaraldehyde (J.M. Taylor, 
M Cheryan T. Richardson, and N.F. Olson, "Pepsin immobilized on inorganic supports for 
the continuous coagulation of skim milk," BjucUtat. 19: 683 (1977), for example). 
30 Representative examples of these highly energetic reactions include, thermal decomposition 

(U S Patent No. 5,296,5 10, issued to Shigeru et al.), irradiation with electrons gamma rays, 
adio waves microwaves (T. Kasemura, S. Ozawa, K. Hattori, "Surface Modification of 
Fluori^ Polymers by Microwave Plasmas," i^ian, 33: 33 (1990); Commonwealth 
":ZTJZ»sJr*s^ Organisation in PCT/AU 89/00220; Y Ito, Y. Iguchi, T 
35 Kashiwagi Y Imanisihi, "Synthesis and nonthrombogenicity of polyetherurethaneurea film 
^^o,y(sodium ^nyl sulfonate) - | P i omed Mrt», to, . 25: 1347 (1991); 
Ito, M. Kajihara, Y. Imanishi, "Materials for enhancing cell adhesion by tmmob.hzauon of cell 
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adhesive peptide," J. Biomed. Mater. Res.. 25: 1325 (1991)), or UV light (K. Allmer, A.E. 
Feiring, "Photochemical Modification of a Fluoropolymer Surface,* 1 Macromolecules . 24: 5487 
(1991); A.B. Pointer, W.R. Jones Jr., R.H. Janse, "Surface energy changes produced by 
ultraviolet-ozone irradiation of poly(methyl methacrylate), polycarbonate, and 
5 polytetrafluoroethylene," Polvm. Eng. Sci.. 34: 1233 (1994)), glow discharge irradiation (R. 
Sipehia, G. Martucci, M. Barbarosie, C. Wu, "Enhanced Attachment of and Growth of 
Human Endothelial Cells Derived from Umbilical Veins on Ammonia Plasma Modified 
Surfaces of PTFE and ePTFE Synthetic Vascular Graft Biomaterials," Biomat. Art. Cells 
lmmob. Biotech. . 21 : 455 (1993)), and redox reactions with strong nucleophiles such as 

10 sodium or potassium aryloxides (C.A. Costello, T.J. McCarthy, "Surface-selective 

Introduction of Specific Functionalities onto Poly(tetrafluoroethylene)," Macromolecules . 20: 
2819 (1987); A.J. Dias,T.J. McCarthy, "Introduction of carboxylic acid, aldehyde, and 
alcohol functional groups onto the surface of poIy(chlo^otrifluo^oethyIene), ,, Macromolecules . 
20: 2068 (1987); G.E. Sweet, J.P. Bell, "Selective chemical etching of polyethylene 

15 terephthalate) using primary amines," J. Polvm. Sci. Phvs. Ed.. 16: 1935 (1978); and H.B. 
Lin, S.L. Cooper, "Polyurethane copolymers containing covalently attached RGD-peptide," 
Mat. Res. Soc. Svmp. Proc. 252: 185 (1992)), or ozone (R.L. Daubendiek, J.G. Calvert, 
"The Reaction of Ozone with Perfluorinated Polyolefins," Environ. Lett. . 6: 253 (1974)). 
These high-energy modifications can be highly destructive to polymeric materials, 

20 however. With PTFE and porous PTFE, for example, high-energy modifications of the 
fluorocarbon backbone often leads to uncontrolled surface erosion of the material, 
depolymerization of the perfluorocarbon backbone (A.B. Pointer, W.R. Jones Jr., R.H. 
Jansen, "Surface Energy Changes Produced by Ultraviolet-ozone Irradiation of Poly (methyl 
methacrylate), Polycarbonate, and Polvtetrafluoroethvlene." Polvm. Eng. Sci. . 34: 1233 

25 ( 1994)), reduction in the strength of the polymer substrate (S. Kanazawa, T. Takiguchi, A. 
Nishimora, T. Morita, and A. Uno, "Development of a Hydrophilic PTFE porous membrane 
filter,** Sumitomo Denki . 147:99 (Sept, 1995), and loss of defined fibrillar structure of porous 
expanded PTFE (U.S. Patent No. 5,462,781, issued to Zukowski). 

Furthermore, high energy modifications to hydrocarbon polymers and fluorocarbon 

30 polymers, such as PTFE or porous PTFE, often produce reactive compositions on the 

hydrocarbon or fluorocarbon backbone that have an undeterminable surface density, chemical 
identity, and chemical stability (X. Xie, T.R. Gengenbach, and H.J. Griesser, "Changes in 
wettability with time of plasma modified perfluorinated polymers." J. Adhesion Sci. Technol. . 
6: 141 1 (1992). In addition, the modification of the hydrocarbon or perfluorocarbon backbone 

35 may be spatially uneven, with microscopic or macroscopic areas of the polymer remaining 
unmodified. At best, these surface compositions can only be empirically determined and so 
may be only partially known. 



_ PCT/US97/09634 

WO 97/46590 

With a hydrophobic porous polymer, such as ePTFE or porous polyethylene, for 
example, modification of the backbone may be limited to the outer layers of the porous 
material, with the inner pore structures remaining mostly or completely unmodified. As a 
result, the unmodified regions of the polymer support member remain hydrophobic and so do 
5 not r eadily support wetting with high surface tension fluids. In the absence of such wetting, 
continuous passage of high surface tension fluids through the support member for mass 
transport of reactants or nutrients to and from an immobilized bioactive species cannot be 
established or maintained. Intermittent or incomplete passage of high surface tension fluid 
phases in a porous polymer support member can lead to channeling of the high surface tension 
10 fluid through only portions of the porous material, resulting in reduced efficiency. Moreover, 
these unmodified areas cannot be immobilized with bioactive species, resulting in inefficient 
use of the high surface area of the porous material. 

Due to these limitations, modification of the backbone of a hydrocarbon or 
fluorocarbon polymer support member with a high energy reaction is most often an unsuitable 
1 5 method for immobilization of bioactive species. 

As an alternative to these chemical modifications of polymeric surfaces, nonchemical 
methods have been employed to attach bioactive species to hydrocarbon and fluorocarbon 
support members. In the simplest method, a bioactive species is immobilized onto the surfaces 
of a fluorocarbon polymer via simple physicochemical adsorption. For example, M. Rucha, 
20 B Turkiewicz, and J .S. Zuk, "Polymeric membranes for lipase immobilization," J, Am, Q ll 
rhMn , soc . 67: 887 (1990) and Shults, M. et al., " Continuous In Vivo Glucose Analysis 
Based On Immobilized Enzyme Bound To Derivatized Teflon Membrane," Trans, ASAIO , 25: 
66 (1979) each teach enzyme physisorption onto ePTFE. However, physisorption of bioactive 
species is often kinetically and thermodynamically unstable, highly reversible, and 
25 competitively displaced by solution phase reactants, products, or nutrients. In add»t.on, 
physisorption may alter or damage the bioactive species. Thus, physisorption of bioactive 
species to hydrocarbon polymer or fluorocarbon polymer support members is not usually a 
suitable immobilization technique. Furthermore, the hydrophobic properties of a porous 
hydrocarbon polymer or porous fluorocarbon polymer support member, such as ePTFE, often 
30 prevent physisorption of a bioactive species in the inner pore structures of the support member. 

In another non-chemical immobilization scheme, bioactive species such as cells have 
been immobilized to porous PTFE support members. For example, bacteria and yeast cells 
have been immobilized in PTFE fibril matrices using an emulsion of PTFE and surfactants 
(F W Hyde G R. Hunt, and L.A. Errede, "Immobilization of bacteria and Saccharomyces 
35 cerevisiae in poly(tetrafluoroethylene) membranes," ftppl Fnvhm Microbial , 57: 219 

(1991)) The surfactant is necessary to ensure for the presence of a continuous water phase 
throughout the emulsion in order to allow diffusion of nutrients to cells immobilized withm the 
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porous regions of the material. This method for immobilization of cells in the porous matrices 
of a fluorocarbon polymer is quite harsh, however, as many surfactants are cytotoxic. As a 
result, this method is not generally applicable to all cell types because the reaction conditions 
are often toxic to cell types such as plant or mammalian cells. In addition, the surfactant may 
5 initially obstruct some or all of the void space of the pores in such a porous support member. 
Lastly, the surfactant may leach from the support member with time. This often presents a 
toxic environment to the immobilized cells or channelling of nutrients, resulting in a 
heterogeneous distribution of cells within the porous support member. Accordingly, this is 
often an unsuitable method for the immobilization of bioactive species. 

10 In yet another non-chemical method, mammalian cells have been immobilized within 

ePTFE support members by forcing the cells into the pores of the material by hydrostatic 
pressure (University of Washington, PCIYUS95/03735). However, cell viability is often low 
due to mechanical shearing forces produced during the process. In addition, the ePTFE 
remains hydrophobic and mass transport of liquid water across the thickness of the material 

15 may remain low, resulting in suboptimal transport of nutrients to the immobilized cells. 

In an attempt to improve the immobilization of bioactive species adsorbed onto 
hydrocarbon or fluorocarbon polymer support members, the hydrophobicity of the surfaces of 
such polymer support members can be modified with hydrophilic surface active agents, or 
surfactants. Hydrophobic surfaces are low energy surfaces that are readily wetted by low 

20 surface tension fluids, such as low molecular weight hydrocarbons or alcohols, and most low 
molecular weight organic solvents, such as benzene, acetone, toluene, and dioxane, etc. 
Hydrophilic surfaces, on the other hand, are high energy surfaces that are readily wetted by 
high surface tension fluids. Examples of high surface tension fluids include, but are not 
limited to, liquid water, aqueous salt and protein solutions, dimethyl formamide, dimethyl 

25 sulfoxide, glycerol, hexamethyl phosphorictriamide, formamide, and glycol, for example. In 
these methods, surfactants were physisorbed onto the surfaces of a polymeric hydrocarbon or 
fluorocarbon support member. When a surfactant is applied to the surfaces of a hydrophobic 
polymeric support member, the surface energy of the support member is usually increased. The 
increased surface energy of the support member often facilitates attachment of a bioactive 

30 species to the support member. For example, U.S. Patent Nos. 5,077,215, issued to 

McAuslan et al. t 5,183,545, issued to Branca et al., and 5,203,997 issued to Koyama et al., 
teach the adsorption of anionic and nonionic fluorocarbon surfactants to the surface of 
fluorocarbon support members to modify their hydrophobicity. As a result, the normally 
hydrophobic surface of the polymer was rendered more hydrophilic. This was followed by 

35 physisorption of a bioactive species onto the surfactant-modified polymer surface. 

In similar methods, the adsorption of surfactants onto polymeric support members is 
taught wherein bioactive species are subsequently bound to the adsorbed surfactants. For 



5 



_ _ PCT/US97/09634 

WO 97/46590 

example U S Patent No. 5,263,992, issued to Guire et al., teaches adsorption of polymeric 
chains to' a support member, to which biomolecules are attached through a photoacUve agent. 
In this manner, bioactive species were more readily immobilized onto the support member than 
if directly immobilized onto the underlying hydrophobic polymer surface. Alternatively, the 
bioactive species may be covalently bonded directly to the surfactant rather than phys.sorbed 
thereto (See also, U.S. Patent No. 4,619,897, issued to Hato et al., for example). 

In these methods, the presence of a surfactant provided for a surface having a 
hydrophilicity that initially enhanced the immobilization of bioactive species. For ^porous 
support members, the surfactant also initially provided continuous water phases through the 
Jes of the support member. As discussed in greater detail below, immobilization of bioactive 
species with surfactants is usually unstable over time, however. 

The physicochemical stability of the immobilized bioactive species is another concern 
when bioactive species are immobilized with surfactants. The adsorption of surfactants to a 
polymeric support member can serve to enhance the strength of biospecies adsorption, but the 
Lied- may desorb from the surfactant-treated surface nevertheless. In orde, ■« -improve 
the Mention of the bioactive species on a support member, U.S. Patent No. 4*85,250, 
issued to d'Eveleigh, teaches modifying biological ligands themselves with surfactants pnor to 
Isisorption of the surfactant onto the support member. However, modification of bioactive 
species with surfactants prior to physisorption onto hydrophobic polymer surfaces may 
dLatically impact the bioactivity of thebioactive species. For exam^, me enzyme lactate 
dehydrogenase was admixed with surfactants and physisorbed onto PTFE microparticles 
resulting in a drop in enzymatic activity of 96% ( N.D. Danielson, and R.W. Siergiej 
CL, of enzymes on polytetrafluoroethylene particles pacKed in "PLC columns, 
B ioiSj J lfc £io^,23: 1913(1981)). In another example, the enzyme urease _was modified 
SptScyl chains and then physisorbed onto ^ 
. ♦ „fin 18% and ooor overall enzymatic stability (R.K. Kobos, J.W. 

SSJlH bioactive spec.cs ma, remain mo.eouar,y moffle and may .mgrae 

aTd^Tl *c surface of a hydrocarbon po.yn.er or fluorocarbon po.yn.er suppor. member. 

may be acce.era.ed with me appUcauon of cosolvems, changes . pH or etevaed 

^oe^TLh as au,oc.aving, often .eading .o significant reorgani^-on of «he b,oac„v 

"Co^e surface ofhe suppor. member. This can cause a ioss in we^g po,e*.a. of me 

IZlte with high surface ttnsion liquids and/or uneven spa.ia. .mmobU.raUon of a 
suppor. memba r «A h.gh ^ ^ a ^ As a ^ „ f 

" species «, a hydrophobic suppor. member is mos. often an unsure memod. 
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Surfactants, whether physisorbed onto a hydrophobic support member or attached to a 
bioactive species and then adsorbed to a hydrophobic support member, are subject to 
desorption. For example, R.I. Foster, et al. in "Analysis of Urokinase Immobilization on the 
polvtetrafluoroethvlene vascular prosthesis." Am. J. Surg. . 156: 130 (1988) teach adsorption 
5 of the hydrocarbon surfactant tridodecylmethyl-ammonium chloride onto the surfaces of 

ePTFE followed by immobilization of the enzyme urokinase to the surfactant The adsorption 
was unstable and the enzyme/surfactant construct was eventually displaced. An additional 
limitation with this immobilization method is the tendency for the surfactant to leach into the 
solute phase, often with undesired consequences, such as contamination or inactivation of 

10 desired products or the bioactive species. Accordingly, immobilization of bioactive species 
onto a hydrophobic support member with a surfactant is usually unstable, short-lived, and 
potentially harmful to the bioactive species. 

The stability of surfactant adsorption on a hydrocarbon or fluorocarbon polymer 
surface can be enhanced by increasing the molecular weight of the surfactant (J.H. Lee, J. 

15 Kopecek, J.D. Andrade, "Protein-Resistant Surfaces Prepared by PEO-Containing Block 
Copolymer Surfactants," J. Biomed. Mater Res. . 23: 351 (1989)) or by lowering the 
molecular entropy of the surfactant (J.H. Lee, P. Kopeckova, J. Kopecek, J.D. Andrade, 
"Surface Properties of Alkyl Methacrylates with Methoxy (polyethylene oxide) Methacrylates 
and Their Application as Protein-resistant Coatings," Biomaterials . 1 1 : 455 (1990)). Either of 

20 these approaches can be accomplished by producing surfactants with branched or comb-like 
hydrocarbon chains, rather than linear hydrocarbon chains, for example. However, the 
stability of the adsorbed surfactant may still be transient, albeit much stronger, and may desorb 
from the support surface nevertheless, rendering this technique potentially unfeasible for long 
term applications. 

25 In another method to reduce surfactant desorption or surfactant motility, adsorbed 

surfactant chains may be covalently cross-linked to adjacent adsorbed surfactant chains, 
producing new surface-bound planar molecules. The resulting planar molecules are of very 
high molecular weight and have greatly reduced molecular entropy. This type of cross-linking 
dramatically reduces the incidence of desorption or surface migration of the surfactant. For 

30 example, U.S. Patent Nos. 4,929,666, issued to Schmidt et al., and 5,006,624, issued to 
Schmidt et al. teach adsorbing copolymers of fluoroalkyl acrylates and carboxylic vinyls, 
respectively, onto fluorocarbon polymer surfaces, followed by surface cross-linking of 
adsorbed carboxylic moieties to produce a coating highly stable to surface reorganization or to 
desorption. In another example, a hydrophilic fluorocarbon polymer of tetrafluoroethylene-co- 

35 vinyl alcohol was adsorbed and chemically cross-linked to itself using a polyether bisoxirane 
cross-linker (U.S. Patent No. 5,354,587, issued to Abaysekara). In another example, a 
hydrophilic hydrocarbon polymer of polyvinyl alcohol was adsorbed and cross-linked to itself 
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usl ng . dialdehyde cross-linker (U S. Paten, Nos. «1»U and 4,193 138 bo* issued to 
Z!) This resuhed m .he ePTFE surface being rendered we«ab.e w.th k^d »nd the 
7soL copolymerrnolecules being higluy resists .0 desorptionor .0 surfac, 
However, tee hydrophUic surfaces have Umi,ed or greatly reduced numbers o «1 y 
functional groups .0 which additional polymers orbioacve spec.es can be attached. lfthe 
adsoib^dcopwlyrner layer is deficient in the desired number or identity of chenucally functional 
Zps it possesses, men me capacity of the adsorbed copolymer or surfactant layer ,0 
Zb^oioactive species will a.way, remain suboptimal. Accordingly^ typeof cross- 
ing of adsorbed surfactant or copolymer molecu.es on hydroca*on or fluorocarbon 
£!ynl support members is often unsuitable for .he subsequent immobu.sat.on of b.oa«.ve 

species. ^ ^ ^ **0Oc 

nolymeric surfaces anached thereto as a substrate upon which bioactive spec.es are stably and 
5£Z£ "mobilized would be useful. Such a —ion would enable a prac,...oner .0 

rr.o select a conjugauon scheme for immobilization of a bioactive spec.es ,ha, ,s best 
suited for the particular bioactive species. 

^ HT fimarv ft" Invention 

As describe* in the Background Section, prior methods for the immobitotion of 
. ™. m .mhers comrwised of hydrocarbon polymer or fluorocarbon 

C^stuta construe Jma, eliminates chemical modification, of me support member, as 
^ TZ necessto to take preventative measures to reduce the desorpUon of .mmotahzed 

bioact.vespec.es im „„ hiIizat i on The present invention p-ovides a support member 

surJso^ — are^m ^^^Z^L^ 
, functional groups o 0.. . hy*oph-« su^es ^ ^ ^ ^ ^ 

^aTr/^^^ 

and/or variety * oracti tioner to select a conjugation scheme for 

" ,mm ° b ^l V t— ..dsorptionofapo.ymericsurfacuntonu.asupponmember, 
followe^by cLs-linldng chams of .he surfactant polymers together * «. provdes a 
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physically and chemically stable substrate, or first layer, to which a hydrophilic polymer is 
subsequently attached forming a second layer thereon. Preferably, the hydrophilic polymer of 
the second layer is covalently attached to the cross-linked polymeric surfactant of the first layer. 
The hydrophilic polymer of the attached second layer has chemically functional groups through 
5 which bioactive species are immobilized. The hydrophilic polymer of the second layer is 

selected to provide one or more specific type of chemically functional group for immobilization 
of bioactive species. Once a bioactive species is attached to the second layer, the result is a 
support member having hydrophilic surfaces that are physically stable and chemically variable 
to which bioactive species are stably immobilized (See Figure 1). 

10 If desired, a plurality of layers of hydrophilic polymers may be attached to the first 

layer and bioactive species attached to at least one of the layers (See Figure 2). In addition to 
serving as a substrate for immobilization of a bioactive species, additional layers of hydrophilic 
polymers can serve to enhance the hydrophilic properties of the construction and/or as a 
permeable protective covering for the bioactive species. 

15 Alternatively, bioactive species can be immobilized directly to chemically functional 

groups of the first layer, as illustrated in Figure 3, or to excess chemically functional groups of 
the cross-linking agent attached to the first layer, as illustrated in Figure 4. 

Referring to Figure 1, one embodiment of the present invention (10) is directed to a 
material having immobilized bioactive species comprising a support member (12); a first layer 

20 (14) comprised of at least one species of a polymeric surfactant attached to the support member 
and cross-linked together in situ; a second layer (18) comprised of at least one species of a 
hydrophilic polymer attached to the first layer; and at least one type of bioactive species (19) 
attached to the second layer. 

While the present invention has wide applications, it is particularly suitable for 

25 immobilization of insulin secreting pancreatic islet cells or genetically engineered insulin 
secreting cells. Immobilization of such cells may be useful for facilitating transplantation 
and/or implantation of the cells into a recipient as a means for treating or ameliorating various 
diseases, such as neuro-endocrine diseases, including diabetes mellitus, neurological diseases, 
including Parkinson's Disease, metabolic deficiency diseases, including Hurler's Disease, for 

30 example. The present invention is also suitable for the immobilization of renal epithelial or 

interstitial cells for use in renal failure therapy. Of particular interest in this regard is the use the 
present invention in the form of a membrane barrier for the encapsulation of immobilized 
therapeutic cells. Another use of the present invention is for the immobilization of hepatocytes 
for construction of extracorporeal liver assist devices. Yet another use is the immobilization of 

35 bioactive species, such as autologous vascular endothelial cells, onto a synthetic vascular graft 
or onto a polymer coated metallic stent for improvement of vascular patency. Further uses 
include the immobilization of anti-coagulant factors, such as heparin, heparan sulfate, tPA, 
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protein S, various lysine compounds, urokinase, protein C, etc. onto a synthetic vascular graft 
or onto a polymer coated metallic stent for improvement of vascular patency; immobilization of 
pro-coagulant factors, such as tissue factor, von Willebrand factor, factor XIII, kinmogen, 
thrombin, etc.; the immobilization of adhesion-dependent or adhesion-independent cell lines 
comprising genetically engineered cells for use in genetic therapy; the immobilization of 
adhesion-dependent or adhesion-independent cell lines for use in transplantation therapy; the 
immobilization of pro-adhesive ligands, such as the tripeptide Arg-Gly-Asp, collagens, and 
fibronectin, for example, in order to promote adhesion of cellular bioactive spec.es, the 
immobilization of anti-adhesive ligands, such as dextran, albumin, and polyethylene glycol, for 
example in order to reduce non-specific cellular adhesion to support members; and the 
immobilization of bacteria or yeast cells for use in bioremediation and biotechnology. 

In other applications, enzymes, catalytic antibodies, or phase transfer catalysts may be 
employed in the present invention to perform biocatalytic reactions, such as biosensmg and 
enzyme affinity chromatography. In addition, proteins, peptides, carbohydrates, antibodies, 
lectins or lipids may be utilized in the present invention to prepare hgand affinity or 
immunomatrix chromatography columns for detection or separation of products from a liquid 
stream Another use of the present invention is as a solid substrate upon which the synthesis 
of peptides or drugs can be conducted. In many of these uses, the present invention comprises 
a permeable, or semi-permeable, membrane barrier that provides a continuous solvent phase 
20 across the barrier, such as for transport of gases, nutrients, or reaction products. 

The present invention is also directed to methods for rendering the surfaces of a 
hydrophobic support member more hydrophilic by elevating the surface energy of ttiese 
materials to support wetting and spreading of high surface tension fluids thereon. The present 
invention is also directed to methods for stably immobilizing bioactive spec.es to the 
25 hydrophilic surfaces formed on the support member. 



30 



35 



Prirf Pgsaii* inn nf thR drawings 

Figure 1 illustrates a cross-section of the present invention (10) having a first layer (14) 
attached to a support member (12) wherein the letter V indicates that the constituents of the 
f^tlayerarecross-lu^^ 

T^Z groups of the cross-linking agent to which a second layer (1 8) is attached. The letter 
"B" (19) in Figure 1 represents a bioactive species. 

Figure 2 illustrates a cross-section of the present invention (20) having an additional 
layer (26) of hydrophilic polymers attached to a second layer (24) with bioactive spec.es (28) 
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immobilized to the additional layer (26). The letter **x" indicates that the constituents of the first 
layer (22) are cross-linked together and the symbol U « M (23) indicates excess chemically 
functional groups of the cross-linking agent to which a second layer (24) is attached. The 
additional layer of hydrophilic polymers is represented as being attached to the second layer by 
5 a plurality of vertical lines. The letter "B" (28) in Figure 2 represents a bioactive species. 

Figure 3 illustrates a cross-section of the present invention (30) having a first layer (34) 
attached to a support member (32) wherein bioactive species are immobilized directly to 
chemically functional groups of the first layer. The letter "x" indicates that the constituents of 
10 the first layer are cross-linked together The letter **B" in Figure 3 represents a bioactive 
species (36). 

Figure 4 illustrate a cross-section of the present invention (40) having a first layer (44) 
attached to a support member (42) wherein bioactive species (48) are immobilized to the first 
15 layer through excess chemically functional groups of the cross-linking agent. The letter w x" 
indicates that the constituents of the first layer are cross-linked together. The symbol "n" (46) 
represents excess chemically functional groups of the cross-linking agent. The letter "B" (48) 
in Figure 4 represents a bioactive species (48). 

20 Figure 5 is a scanning electron micrograph of the microstructure of a porous 

polytctrafluoroethlyene support member having a bioactive species immobilized thereon. 

Figure 6 illustrates a cross-section of the present invention (60) having a first layer (64) 
attached to a support member (62) wherein the constituents of the first layer are cross-linked 
25 together and excess chemically functional groups of the cross-linking agent are present. The 
letter "x" indicates that the constituents of the first layer are cross-linked together. The symbol 
"n" (66) represents excess chemically functional groups of the cross-linking agent. 

Figure 7 illustrates a cross-section of the present invention (70) wherein a first layer 
30 (74) is attached to a support member (72) such that the number of chemically functional groups 
available for immobilizing bioactive species (71) from the first layer is increased by the addition 
of a second layer (78). The letter w x w indicates that the constituents of the first layer are cross- 
linked together. The symbol w n" (76) represents excess chemically functional groups of the 
cross-linking agent. The symbol tt -A" in the region depicting the first layer indicates 
35 chemically functional groups of the constituents of the first layer that have been consumed 
during the formation of the first layer and are no longer available for immobilization of 
bioactive species. The letter "A" on the second layer represents unreacted chemically functional 
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groups of the constituents of the second layer that are available for immobilization of bioactive 
species or attachment of additional layers of hydrophilic materials thereto. The letter "B" (71) 
in Figure 7 represents a bioactive species. 

Figure 8 illustrates a cross-section of the present invention (80) having a first layer (84) 
attached to a support member (82) and a second layer (86) attached to the First layer wherein a 
variety of chemically functional groups is provided by the second layer. The chemically 
functional groups of the first layer are represented by the letter "A." Chemically functional 
groups of the second layer may be the same as the chemically functional groups of the first 
layer or the groups may be different. The chemically functional groups of the second layer are 
represented by the letter "Z." The letter "B" in Figure 8 represents a bioactive species. 

Figure 9 illustrates a cell encapsulation device using a membrane constructed according 
to the present invention. 

Figure 10 is a photograph of an embodiment of the present invention wherein a 
bioactive species is immobilized in a pattern on porous polytetrafluoroethylene. 

Figure 1 1 illustrates a cross-section of the present invention (1 10) having a first layer 
(1 14) attached to a support member (112) and a second layer (1 16) attached to the first layer 
wherein a spacer compound (1 18) is interposed between the second layer and a bioactive 
species. The letter "x" indicates that the constituents of the first layer are cross-linked together. 
The symbol (115) represents excess chemically functional groups of the cross-linking 
agent. The letter "B" (1 19) in Figure 1 1 represents a bioactive species. 

Figure 12 illustrates an embodiment of the present invention in the form of a vascular 

graft. 

PltfliM P^eriptinn ftf fh< * live"*'"" 

The present invention is directed to polymeric materials, referred to herein as support 
members, having a substrate attached thereto comprised of layers of chemically stable and 
chemically variable hydrophilic polymers to which bioactive species are stably immobilized. 
Optionally, metallic or ceramic materials can be used in the present invention as support 

members. ... , • . 

For porous support members, the present invention also permits bioactive species to be 

readily immobilized on the surfaces defining the porous regions of the support member without 
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significantly reducing the porosity of the support member (See Figure 5, for example). The 
result is a support member having surfaces rendered hydrophilic and wettable with high surface 
tension fluids throughout its bulk to which at least one type of bioactive species is immobilized. 
In the preferred embodiment of the present invention, the construction is assembled 
5 from the following components: a support member comprised of a polymeric material; a first 
layer comprised of at least one species of a polymeric surfactant, or a multifunctional 
copolymer, comprised of at least one domain that has a physicochemical affinity for the support 
member to allow physicochemical adsorption of the polymer onto the surface of the support 
member and at least one other domain that is chemically reactive to allow covalent cross-linking 

10 with a suitable cross-linking agent; a suitable cross-linking agent; a second layer comprised of 
one or more hydrophilic surfactants, homopolymers, or copolymers that contain chemically 
functional groups capable of reacting with unconsumed free cross-linking groups from the first 
layer and have additional groups to provide increased hydrophilicity to the construction and for 
subsequent attachment of bioactive species thereto; and a bioactive species attached to the 

1 5 chemically functional groups of the second layer. 

Suitable materials for a hydrophobic polymeric support member include, but are not 
limited to, polytetrafluoroethylene, expanded polytetrafluoroethylene, porous 
polytetrafluoroethylene, fluorinated ethylene propylene, hexafluroropropylene, polyethylene, 
polypropylene, nylon, polyethyleneterephthalate, polyurethane, silicone rubber, polystyrene, 

20 polysulfone, polyester, poly hydroxy acids, polycarbonate, polyimide, polyamide, polyamino 
acids, regenerated cellulose, or proteins, such as silk, wool, and leather. Expanded, or 
porous, polytetrafluoroethylene (ePTFE) is particularly preferred. Methods of making porous 
polytetrafluoroethylene materials are described in U.S. Patent 3,953,566 and 4,187,390, both 
issued to Gore, each of which is incorporated herein by reference. 

25 Though the present invention is primarily directed to constructions made with support 

members that are hydrophobic, some non-hydrophobic materials may also be suitable for use 
in the present invention. Suitable materials for hydrophilic support members include, but are 
not limited to, cellulosics, agarose, alginate, polyhydroxyethylmethacrylate, polyvinyl 
pyrrolidone, polyvinyl alcohol, polyallyamine, poly ally lalcohol, polyacrylamide, and poly 

30 acrylic acid, for example. Lastly, certain metals and ceramics may be suitable materials for 
use as support members in the present invention. Suitable metals for support members 
include, but are not limited to, titanium, stainless steel, gold, silver, rhodium, zinc, platinum, 
rubidium, and copper, for example. Suitable materials for ceramic support members include, 
but are not limited to, silicone oxides, aluminum oxides, alumina, silica, hydroxyapapitites, 

35 glasses, calcium oxides, polysilanols, and phosphorous oxide, for example. 

To construct the present invention, a first layer is formed on a support member by 
adsorbing a polymeric surfactant to the surfaces of the support member followed by cross- 
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Unking me surfactant ,0 i,se.f * For a porous support member, the firs, layer is optionally 
adsorbed to materia, defining the porous void spaces of the support member as we.!. For 
example, a solution comprised of » p*»rfc surfacun, disso.ved . a suttable so.«n, - a 

nTaUy adsorbed onto me surface, and optional., into the porous spaces of a porous support 
mlb^tty by dipping the support member in the so.ution for about 0.05 nunutes » about 

pIh ^.sorption of the surfactant to the surface, of the support member. 
SuLle m Ja>s for the firs, .ayer include, bu, are no, .united to, polyvmyl alcoho y 
polyemylene g.ycol, polypropylene glycol, dextran. agarose, a.g.n»te. po.ya ry.am.de 

Llinyl acetate-co-vinyl alcohol), poly(tetrafluoroeu»ylen«o-vmyl alcohol) 
LyUloniuHte^o-acrylamide), po.yCacryk.nim.e.o-.cry.ic acid^-ac^lanudme), 
Mlvacrylic acid, poly-lysine, polyemyleneimme, polyvinyl pyrrohdone. 

^ydlye«hyLe^^ 

K «il deferred copolymers for formation of the first layer are copolymers compnsed 

ptbtofchem^ 

r . nn fluid. These moieties may be selected such that one moiety fulfills allot 

f tw.c nnrnose include but are not limited to, methanol, ethanol, isopropanol, 

add, ac«on, wafcr, dimemyl formamide (DMF), dimethy, 
^de (DMSO), acetonitrile, be»*ene, hexane. chloroform, and supercnfca. carbon 

^When using a hydrophobic support member and the polymer chosen for utefirstlayer 
dissoWesin only Mgh surface tension solvents, the hydrophobic support member shouW be 
dissolves*. Z 1 !Lib!e solvent having a low surface tension to effect adsorpnon of the 

preferred in order to ensure that me pores of a porous support matenal, such as ePTFE, are 



30 . 

obstructed with surfactant 



35 



° bSW TpX~acUn, o, the firs, -ayer is cova.en.ly cross-.in.e4 «, i K e.f 

• IfcCs-linking agen, .0 produce surface-bound planar molecules of exuemely 

ustng a sunable cros unkmg g J* ^ ^ ^ ^ or 

T •"tSS f^Ton or migr»«ion of the surface. Suitable agents for use in 
elim ,na.e the of a. leas, two 
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not limited to, aldehydes, epoxides, acyl halides, alkyl halides, isocyanates, amines, 
anhydrides, acids, alcohols, haloacetals, aryl carbonates, thiols, esters, imides, vinyls, azides, 
nitros, peroxides, sulfones, and maleimides, dissolved in solvents that wet the adsorbed layer. 
Solvents suitable for dissolving the cross-linking reagent include, but are not limited to, 
5 acetone, water, alcohols, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), dimethyl 
formamide (DMF), benzene, acetonitrile, and dioxane. Other reagents include, but are not 
limited to, free radicals, anions, cations, plasma irradiation, electron irradiation, and photon 
irradiation. One preferred cross-linking agent is glutaraldehyde, preferably using a catalyst of 
HC1, preferably dissolved in water. 

10 Regardless of which cross-linking agent is used, the cross-linking agent is preferably 

added in excess, i.e, in such an amount that sufficient unreacted chemically functional groups 
of the cross-linking reagent will be present to serve as points of attachment for the second layer 
following the cross-linking step (See Figure 6). Thus, the cross-linking scheme fulfills two 
roles. In one role, cross-linking forms surface-bound planar molecules of extremely high 

15 molecular weight. In another role, cross-linking provides chemically functional groups to 
which the second layer is subsequently attached. Bioactive species are then attached to 
unreacted chemically functional groups of the cross-linking agent (See Figure 4). 

In an alternative embodiment, the polymeric surfactant of the first layer can be attached 
to the support member with methods that do not use a chemical cross-linking agent. For 

20 example, polymeric surfactants containing numerous nitrile groups can spontaneously self 
assemble into a stable conformal coating when adsorbed onto the support member. The 
stability of the coating is derived from the physical cross-linking of neighboring polymer 
chains via cyano polar interactions. In another example, the polymeric surfactant may be 
physically cross-linked using a suitable agent via acid-base coacervation, e.g., a first layer 

25 formed of a cationic polymeric surfactant can be physically cross-linked by the application of 
an anionic agent. In addition, an amphoteric polymeric surfactant may spontaneously self 
assemble into a conformal coating via internal acid-base coacervation. In yet another example, 
the Minnesota Mining and Manufacturing Company, in PCT/US9 1/07686, teach the 
application of a hydrophilic polyvinyl alcohol layer that is non-covalently cross-linked via inter- 

30 and intrachain polymer crystallization. 

The degree of cross-linking of the first layer may be assessed by Fourier Transform 
Infrared Spectroscopy (FTIR). For example, with FTIR, the free hydroxyl groups of 
polyvinyl alcohol (PVA) are detectable before cross-linking at approximately 3349 cm 1 . After 
cross-linking, the peak shifts to approximately 3383 cm 1 and decreases in height. As a 

35 positive internal control, an FTIR peak at approximately 2942 cnW due to the CH2 groups 
does not change position or height as a result of cross-linking. A shift in the hydroxyl group 



15 



10 



15 



20 



25 



PCT/US97/09634 

WO 97/46590 

(OH) peak position from approximately 3349 cm-i to approximately 3383 on-« with a decrease 
in peak height is an indication of the amount of PVA that has become cross-hnkuig in the 
formation of the first layer. 

The extent to which free, or excess, aldehyde groups of a cross-linking agent, such as 
glutaraldehyde. are present in the first layer following the cross-linking step can also be 
detected using FTIR. For example, when an article of the present invention having a first layer 
of PVA extensively cross-linked with glutaraldehyde is steam sterilized, the article usually has 
FTIR peaks at about 1590 cm-> and about 1690cm->. These peaks are believed to represent 
excess aldehyde groups of the first layer and its partial hydrolysis products by the exposure to 
steam A similar article having a first layer that is briefly exposed to a glutaraldehyde cross- 
linking agent does not usually have an FTIR peak at 1590 cm-i . Accordingly, the degree to 
which a first layer contains excess chemically functional groups can be assessed by comparing 
the ratio of an FTIR peak at about 1690 cm ' to an FTIR peak at about 1590 «n-». 

FTIR can also be used to detect the presence of a second layer attached to a first layer 
cross-linked with glutaraldehyde. For example, an article of the present invention having a 
second layer of PVA attached to a first layer of PVA will have strong FTIR peaks at about 
2950 cm-i and at about 3350 cm ". These peaks represent signal from the hydrocarbon 
backbone and the free hydroxyl groups of the PVA, respectively, from both the first and 
second layers. The absence of an FTIR peak at about 1590 cm ' and about 1690 cm-i indicates 
that substantially all of the aldehyde groups of the glutaraldehyde cross-linking agent were 
consumed during attachment of the second layer to the excess aldehyde groups of the first 

layCr ' m addition, a first or second layer of poly(lysine) on a support member may be detected 
by X-ray photoelectron spectroscopy (XPS). For example, the addition of amino groups 
(NH 2 ) onto the surface can be detected by the measurement of nitrogen. Nitrogen ,s usually 
not present in either hydrocarbon or fluorocarbon support members of the present invents. 
S^eimmobilizationofcelladhesionpeptid^ 

sequence, onto a first or second layer of PVA, for example, can be detected by XPS. 

in the case of a three-dimensional device, such as a foam or sponge, the presence of a 
30 hydrophilic layer attached directly to a support member, or forming a first or second layer, ,s 
nreferablv detected by elemental analysis. 

^ The composiL of the second Uyer is chosen bo* for .he abili,y of ,he •»-* 
cooperate w„h ,he firs, layer .0 promo,, wCing of .he hydrophobic support », g h 
Zee .ension fluids and for fa abili* ,o provide a number and vane* 
35 funcdona! groups no, usuaUy present on me M layer ,o which b,oac„ve spec.es can be 
immobilized. 
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When forming the second layer, various hydrophilic polymers may be selected for use 
in making the layer. Different hydrophilic polymers provide a variety of chemically functional 
groups to select from when attaching bioactive species to the second layer (See Figure 7). As a 
result, the second layer dictates the type of chemically functional groups to which bioactive 
5 species are immobilized. In addition, attachment of a second layer onto the unconsumed 
moieties of the cross-linking agent amplifies the number of chemically functional groups 
available for the immobilization of bioactive species to numbers much greater than possible 
using only the first layer of material on the support member. This is a key feature of the 
present invention because the ability to select the type and the number of chemically functional 

10 groups used to immobilize bioactive species provided by the second layer is not readily 
obtained with the first layer alone. 

A second layer is formed on the first layer by attaching a hydrophilic polymer to the 
cross-linked polymeric surfactant of the first layer through the unreacted chemically functional 
groups of the cross-linking reagent (See Figure 1). Preferably, the hydrophilic polymers are 

15 covalently attached to the polymeric surfactants. In one method, the second layer is attached to 
the first layer by immersing a support member having an adsorbed and cross-linked first layer 
in a solution of a hydrophilic polymer of the second layer at a concentration of about 0.001 % to 
about 99.9%, preferably about 0. 1 % to about 50%, more preferably about 1 .0% to about 25%, 
and most preferably about 0.25% to about 5%. The solution of hydrophilic polymer includes 

20 an appropriate catalyst, such as organic acids or bases, mineral acids or bases, Lewis acids or 
bases, organometallic catalysts, organic and/or inorganic salts, heat, pressure, electron 
irradiation, photon irradiation, plasma iiradiation, corona discharge, or pH, to effect attachment 
to the chemically functional groups of the first layer. 

Suitable hydrophilic polymers for use in forming the second layer include, but are not 

25 limited to, polyvinyl alcohol, polylysine, poly(acrylonitrile-co-acrylic acid-acrylamidine), 
polyacrylic acid, polyhydroxyethylmethacrylate, polyvinylpyrrolidone, polyethylene glycol, 
alginate, sepharose, mercaptosilane, aminosilane, hydroxylsilane, agarose, polyethyleneimine, 
polyallylamine, polyaminoethylmethacrylate, polyomithine, polyaminoacryiamide, 
polyaciylamide, polyacrolein, polyacryloxysuccinimide, polysulfone, poly(acrylonitrile-co- 

30 aery lamide), or their copolymers, either alone or in combination. Polyvinyl alcohol is 
preferred. Suitable solvents for dissolving the hydrophilic polymers include, but are not 
limited to, water, alcohols, dioxane, dimethylformamide, tetrahydrofuran, and acetonitrile, etc. 

Once a second layer is formed on the first layer, bioactive species are then immobilized 
onto the second layer using mild bioconjugation techniques known to those skilled in the art 

35 (See K. Mosbach, Immobilized Enzvmes and Cells Part B, Academic Press (Orlando, FL), 
(1987); G.T. Hermanson, A.K. Mallia, P.K. Smith, "Immobilized Affinity Ligand 
Techniques," Academic Press. San Diego, (1992); S.F. Karel, S.B. Libicki, CR. Robertson, 



17 



_ PCT/US97/09634 
WO 97/46590 

-The Immobilization of Whole Cells: Engineering Principles," mimical Eng. Sc »» 40: 1321 
(1985)- and M Brinkley, "A Brief Survey Of Methods For Preparing Protein Conjugates With 
Dyes Haptens, and Cross-linking Reagents," PinfoniwntC Chem,, 3:2 (1992), for example). 
Mild bioconjugation schemes are preferred for immobilization of bioactive species in order to 
eliminate or minimize damage to the structure of the support member, the polymenc surfactant 
of the first layer, the hydrophilic polymer of the second layer, and the bioactive species. 

Referring to Figure 8, the chemically functional groups of the first layer include, but are 
not limited to, hydroxyl groups, carboxyl groups, acid anhydride groups, acyl halide groups, 
alkyl halide groups, aldehyde groups, alkene groups, amide groups, amine groups, guamdine 
groups, malimide groups, thiol groups, sulfonate groups, sulfonyl halide groups, sulfonyl 
ester groups, carbodiimide groups, ester groups, cyano groups, epoxide groups, proline 
groups disulfide groups, imidazole groups, imide groups, imine groups, isocyanate groups, 
isothiocyanate groups, nitro groups, and azide groups. The chemically functional groups of 
the first layer are depicted in Figure 8 as the letter "A." The chemically functional groups of the 
second layer include, but are not limited to, any of the groups listed for the first layer and/or 
hydroxyl groups, carboxyl groups, acid anhydride groups, acyl halide groups, alkyl halide 
groups aldehyde groups, alkene groups, amide groups, amine groups, guamdine groups, 
malimide groups, thiol groups, sulfonate groups, sulfonyl halide groups, sulfonyl ester 
groups, carbodiimide groups, ester groups, cyano groups, epoxide groups, proline groups, 
disulfide groups, imidazole groups, imide groups, imine groups, isocyanate groups, 
isothiocyanate groups, nitro groups, and azide groups. The chemically functional groups of 
the second layer are represented in Figure 8 by the letter "Z." 

In addition to providing variability in the number and identity of chemically functional 
groups that can be used to immobilize bioactive species, variability in the number and identity 
of the functional groups of the second layer can be used to increase the wettability of the 
support member with high surface tension fluids. In one embodiment, a porous hydrophobic 
support member is modified only at its surface by a thin first and second layer, leaving the 
material defining the porous void spaces of the support member unmodified and hydrophobic. 
In another embodiment, the first and second layers can also be formed on the material defining 
the interior porous void spaces of the porous support member and bioactive species 
immobilized thereon. In this embodiment, a continuous water phase through the pores of the 
support member can be readily established and maintained, resulting in good transport of 
reaction products or nutrients, for example, across the porous support member. Thin coatings 
are particularly preferred for porous support members because thin coatings do not appreciably 
decrease the porosity of the support member. For unmodified porous PTFE having a nominal 
thickness of about 40 microns, a nominal pore size of about 0.2 microns, and a nominal 
porosity of about 70%, the material's permeability to air in Gurley seconds is between about 22 
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seconds to about 24 seconds. A porous PTFE material modified according to the present 
invention has a permeability to air of about 24 Gurley seconds to about 26 Gurley seconds. 

In some circumstances, the interaction of a solution-phase reactant with an immobilized 
bioactive species may be suboptimal. For example, steric hindrances between the first or 
5 second layer and the immobilized bioactive species may limit the approach of the solution phase 
reactant to the bioactive species. In addition, physical bulk, electrostatic repulsion, or 
inappropriate positioning of the bioactive species may also contribute to reduced efficiency of 
the immobilized bioactive species. Accordingly, it may be desirable to place one or more 
additional compounds as a "spacer" or "tether" between the chemically functional groups of the 

10 first or second layer and the bioactive species to increase the space between the layer and the 
bioactive species. Suitable compounds for use as a spacer include, but are not limited to, 
succinic acid, diaminohexane, glyoxylic acid, short chain polyethylene glycol, and glycine, for 
example. It is understood that the second layer may itself serve as a spacer arm without 
necessitating the use of a separate spacer compound. 

1 5 The covalent immobilization of biospecies onto support members according to the 

present invention is generally non-reversible, i.e., the biospecies is not readily released from 
the first or second layer of the support member. Spacers, or tethers, capable of selectively 
releasing an immobilized biospecies have utility in receptor/ligand interactions, molecular 
identification and characterization of antibody/antigen complexes, and selective purification of 

20 cell subpopulations, etc. In addition, a selectively cleavable spacer affords predictable and 
controlled release of biospecies from the support member as opposed to the unstable 
physisorption of biospecies discussed in the Background section above. 

Selective release of the biospecies is performed by cleaving the spacer compound under 
appropriate reaction conditions including, but not limited to, photon irradiation, enzymatic 

25 degradation, oxidation/reduction, or hydrolysis, for example. The selective cleavage and 
release of immobilized biospecies may be accomplished using techniques known to those 
skilled in the art (see for example, H.R. Horton & H.E. Swaisgood, "Covalent immobilization 
of proteins by techniques which permit subsequent release," Meth. Enzvmologv . 135: 130 
(1987); S.S.Wong, Chemistry of Protein Conjugation and Cross -Linking, CRC Press (1991); 

30 and U.S. Patent No. 4,745,160, issued to Churchill et aL, which is incorporated herein by 

reference). Suitable compounds for use as cleavable tethers, or cleavable spacers, include, but 
are not limited to, polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, and 
cysteine-linkers such as Lomant's Reagent, for example. 

The present invention is not limited to the above-described embodiments having a first 

35 layer and a second layer. In other embodiments, additional layers of hydrophilic polymers may 
be attached to existing layers on the support member to form constructions with multiple layers 
of hydrophilic material attached thereto. 
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Without intending to limit the scope of the present invention, the following examples 
illustrate how the present invention can be made and used. 

Examples 



Example 1 



This example illustrate* a method for forming a tot layer comprised of polymenc 
surfaces on an expanded po.ytetiafluoroethytene support member by adaption and cross- 
Bnkingofthe polymeric surfactant on the exterior surfaces of an expanded 
^eUuoroethylene Aim. as well as. the surfaces delineating the porous regtons of the Aim. 

The method is as follows. 

1 ePTFE support member in the form of a mm (W.L. Gore * Associates .ncj 
having a thickness of about 50 um and a porosity as measured in Gurley seconds of about 22 
L 24 was immersed in a 1.5% solution of a random copolymer of ,e*afluoro«hylene and 
^yuTcL (hereinafter HPL-1, lapan Gore. Inc., in medtano. (w/v, for about 5 mtnute, 
Z film cons,n,c,ion was then immersed in medtano. for about 5 mtnutestc • ™^ 
bulk copolymer from the ePTFE surface. The ePTFE support member rnth the HPL-1 layer 
wl thTwashed free of methano. by humming in distilled water for about 5 rn.nu.es. 

The adsorbed layer of HPL-1 was cross-linked in situ on the ePTFE support member 
. „ .kTZ. conLction in an aqueous solution of about 5% glutaraldehyde, w,th about 

rfth" adsold HPL-1 copolymer chains via aceudizatior. This f,.m construction was nnsed 
I "love excess glutaraldehyde and HC1. The resulting f.hn construction was an 
ePTFE support member having a first layer formed thereon. 



Example 2 



This example illustrates the stability of the first layer of the film constnicuon descnbe4 
• p ^1 ^ The stability of aparticular layer is expressed in tenns of the hydroph^ty of 
m Example 1 . The stability 01 a p hydrophilic surface is a surface 
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the material, rendering the material translucent or opaque, the surface of the material was 
considered to be hydrophobic. 

To test the stability of the first layer of the film construction, two film constructions 
were used. A first film construction was made as described in Example 1. A second film 
5 construction was made similarly to the film construction of Example 1, but without the cross- 
linking step. Both constructions were immersed in various refluxing solvents, such as water, 
dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), and acetone, for about 24 hours. 
The film constructions were then removed from the solvent, rinsed in fresh solvent, and air 
dried. The hydrophilicity of the particular surface was then tested by applying one or more 

10 drops of dcionized water to the surface. The second film construction showed a significant 
decrease in the hydrophilicity of the surfaces of the construction. The reduced hydrophilicity 
was believed to be due primarily to desorption of the copolymer from the surface of the 
constructions and to copolymer chain migration on the surface of the constructions. The film 
construction of Example 1, i.e., with cross-linking, remained hydrophilic under the same 

15 conditions. 

In another stability test, first and second film constructions were steam autoclaved ten 
times at about 120°C for about 15 minutes each, air dried, and then dipped in deionized water. 
When the second film construction was dipped in deionized water, the construction was 
considered hydrophobic. In contrast, the first film construction became spontaneously wetted 
20 to completion with the deionized water and so was considered hydrophilic. These results are 
believed to indicate surface instability and clustering on the surface the second film 
construction, leading to a reduction of wetting potential. On the other hand, the first film 
construction, in which the first layer was cross-linked, showed surfactant stability. 

25 Example 3 

This example illustrates use of another reagent for cross-linking the polymeric 
surfactant of Example 1 . The method is as follows. 

Following adsorption of the surfactant to the surfaces of the ePTFE support member in 
30 Example 1, the film construction was dipped in an aqueous solution of about 2% polyethylene 
glycol dialdehyde (3400 g/mol, Shearwater Polymers), with about 0.1 % HC1 as catalyst for 
about 30 minutes, at about 75°C, to cross-link the vinyl alcohol groups of the adsorbed HPL-1 
copolymer chains via acetalization. This film construction was rinsed in water to remove 
excess polyethylene glycol dialdehyde and HC1. The resulting film construction was an ePTFE 
35 support member having a first layer formed thereon. 
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Example 4 

This example illustrates use of another reagent for cross-linking the polymeric 
surfactant of Example 1. The method is adapted from U.S. Patent No. 5,354,587, issued to 
Abaysekara, and is performed as follows. 

Following adsorption of the surfactant to the surfaces of the ePTFE support member in 
Example 1, the film construction was dipped in a methanolic solution of about 0.25% 
potassium hydroxide (KOH) for about 30 seconds followed by air drying. The film 
construction was then dipped in an acetone solution of about 10% polyethylene glycol 
diglycidyl ether (400 g/mol, Polysciences) for about 5 minutes. The film construction was 
cured in vacuo at about 75°C for about 3 hours to cross-link the vinyl alcohol groups of the 
adsorbed HPL-1 copolymer chains via epoxide alcoholysis. The film construction was rinsed 
in distilled water to remove excess polyethylene glycol diglycidyl ether and KOH. The 
resulting film construction was an ePTFE support member having a first layer formed thereon. 

Example 5 

This example illustrates the stability of the first layer of the film construction described 
in Example 4. The stability of a particular layer is expressed in terms of the hydrophilicity of 
the surface of the film construction. As mentioned above, a hydrophilic surface is a surface 
that is readily wetted with high surface tension fluids. To compare the hydrophilicity of one 
surface with another surface, a drop of water is placed on the test surface and its behavior 
observed. If the water drop spread on the surface of the material to wet and fill the pores of the 
material with water and render the material transparent, the surface of the material was 
considered to be hydrophilic. If the water drop did not spread on the surface of the material or 
wet the pores to fill them substantially completely with water, but rounded up on the surface 
and rendered the material translucent or opaque, the surface of the material was considered to 
be hydrophobic. 

To test the stability of the first layer of the film construction, two film constructions 
were used A first film construction was made as described in Example 4. A second film 
construction was made similarly to the film construction of Example 4, but without the cross- 
linking step Both constructions were immersed in various refluxing solvents, such as water, 
dimethyl formamide (DMF) for about 24 hours. The film constructions were then removed 
from the solvent, rinsed in fresh solvent, and air dried. The hydrophilicity of the particular 
surface was then tested by applying one or more drops of deionized water to the surface. The 
second film construction showed a significant decrease in the hydrophilicity of the surfaces of 
the film construction. The reduced hydrophilicity was believed to be due pnmanly to 
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dcsorption of the copolymer from the surface of the constructions and to copolymer chain 
migration on the surface of the constructions. The first film construction, i.e., with cross- 
linking, remained hydrophilic under the same conditions. 

In another stability test, the first and second film constructions were steam autoclaved at 
5 about 120°C for about 20 minutes, air dried, and then dipped in deionized water. When the 
second film construction was dipped in deionized water, the film construction was considered 
hydrophobic. In contrast, the first film construction became spontaneously wetted to 
completion with the deionized water and so was considered hydrophilic. These results are 
believed to indicate surface instability and clustering on the surface of the second film 
10 construction, leading to a reduction of wetting potential. On the other hand, the first film 
construction showed surfactant stability. 

Example 6 

15 This example illustrates a method for forming a first layer comprised of polymeric 

surfactants on an expanded polytetrafluoroethylene support member by adsorption and cross- 
linking of the polymeric surfactant on the exterior surfaces of an expanded 
polytetrafluoroethylene film, as well as, the surfaces delineating the porous regions of the film. 
The method is as follows. 

20 An ePTFE support member in the form of a film (W.L. Gore & Associates, Inc.), 

having a thickness of about 50 pm and a porosity as measured in Gurley seconds of about 22 
to 24, was prewetted with isopropyl alcohol and then immersed in a solution of about \% 
polyvinyl alcohol (PVA) (Sigma) in distilled water (w/v) for about 5 minutes. This film 
construction was then immersed in distilled water for about 10 minutes to rinse unadsorbed 

25 bulk copolymer from the ePTFE surface. 

The adsorbed layer of PVA was cross-linked in situ on the ePTFE support member by 
dipping the film construction in an aqueous solution of about 5% glutaraldehyde, with about 
1 % HC1 as catalyst, for about 20 minutes, at about 25°C to cross-link the vinyl alcohol groups 
of the adsorbed PVA copolymer chains via acetalization. This film construction was rinsed in 

30 water to remove excess glutaraldehyde and HC1. The resulting film construction was an 
ePTFE support member having a first layer formed thereon. 

Example 7 

35 This example illustrates used of another reagent for cross-linking the polymeric 

surfactants of Example 6. The method is as follows. 

Following adsorption of the surfactant to the surfaces of the ePTFE support member in 
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Example 6, the film construction was dipped in an aqueous solution of about 2% -polyethylene 
glycol dialdehyde (3400 g/mol, Shearwater Polymers), with about 0.1% HC1 as catalyst, for 
about 30 minutes, at about 75°C, to cross-link the vinyl alcohol groups of the adsorbed PVA 
copolymer chains via acetalization. This film construction was rinsed in water to remove 
excess polyethylene glycol dialdehyde and HC1. The resulting film construction was an ePTFE 
support member having a first layer formed thereon. 

Example 8 

This example illustrates used of another reagent for cross-linking the polymeric 
surfactants of Example 6. The method is adapted from U.S. Patent No. 5,354,587, issued to 
Abaysekara, and is performed as follows. 

Following adsorption of the surfactant to the surfaces of the ePTFE support member in 
Example 6, the film construction was dipped in a methanolic solution of about 0.25% 
potassium hydroxide (KOH) for about 30 seconds followed by air drying. The film 
construction was then dipped in an acetone solution of about 10% polyethylene glycol 
diglycidyl ether (400 g/mol, Polysciences) for about 5 minutes. The film construction was 
cured in vacuo at about 75°C for about 3 hours to cross-link the vinyl alcohol groups of the 
adsorbed PVA copolymer chains via epoxide alcoholysis. The film construction was rinsed in 
distilled water to remove excess polyethylene glycol diglycidyl ether and KOH. The resulting 
film construction was an ePTFE support member having a first layer formed thereon. 

Example 9 

This example illustrates the formation and attachment of a second layer comprised of 
the hydrophilic polymer polyvinyl alcohol (PVA) on the first layer formed on the ePTFE 
support member described in Example 1 . 

The film construction of Example 1 was immersed in an aqueous solution of about 1.0 
% polyvinyl alcohol (PVA) (Sigma), with about 1 % HC1 as catalyst, at about 75°C, for about 5 
minutes to allow covalent attachment of PVA to free aldehyde groups remaining after the first 
layer has been cross-linked. Following attachment of the second layer to the first layer via 
acetal linkages, excess PVA was rinsed from the film construction by immersing the 
construction in water. The resulting film construction was immediately and spontaneously 
wettable with liquid water. 
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Example 10 

This example illustrates the formation and attachment of a second layer comprised of 
the hydrophilic polymer polyvinyl alcohol (PVA) on the first layer formed on the ePTFE 
5 support member described in Example 6. 

The film construction of Example 6 was immersed in an aqueous solution of about 1.0 
% polyvinyl alcohol (PVA) (Sigma), with about 1 % HC1 as catalyst, at about 25°C, for about 
10 minutes, to allow covalent attachment of PVA to free aldehyde groups remaining after the 
first layer has been cross-linked. Following attachment of the second layer to the first layer via 
10 acetal linkages, excess PVA was rinsed from the film construction by immersing the 

construction in water. The resulting film construction was immediately and spontaneously 
wettable with liquid water. 

Example 1 1 

15 

This example illustrates the formation and attachment of a second layer comprised of 
the hydrophilic polymer polylysine on the first layer formed on the ePTFE support member 
described in Example 1. 

The film construction of Example 1 was immersed in a buffered aqueous solution of 

20 about 0.5% polylysine hydrobromide (100,000 g/mol, Sigma) at about pH 9 at about 25 °C for 
about 2 hours to allow covalent attachment of polylysine to free surface aldehyde groups 
generated during cross-linking of the first layer. Cyanoborohydride was added to reduce the 
imine linkage to a secondary amine. Following attachment of the second layer to the first layer 
via imine linkages, excess polylysine was washed by immersing the film construction in 

25 distilled water. The resulting film construction was immediately and spontaneously water 
wettable. 

Example 12 

30 This example illustrates the formation and attachment of a second layer comprised of 

the hydrophilic polymer polylysine on the first layer formed on the ePTFE support member 
described in Example 6 . 

The film construction of Example 6 was immersed in a buffered aqueous solution of 
about 0.5% polylysine hydrobromide (100,000 g/mol, Sigma) at about pH 9 at about 25 °C for 

35 about 2 hours to allow covalent attachment of polylysine to free surface aldehyde groups 

generated during cross-linking of the first layer. Following attachment of the second layer to 
the first layer via imine linkages, excess polylysine was washed by immersing the film 
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construction in distilled water. Cyanoborohydride was added to reduce the imine linkage to a 
secondary amine. The resulting film construction was immediately and spontaneously water 
wettablc. 



Example 13 

This example illustrates the stability of the first and second layers of the film 
construction described in Example 9. In the stability test, the film construction of Example 9 
was extracted in dimethyl formamide (DMF) at about 120°C for about 2 days. No statistically 
significant decrease in the mass of the construction was observed using gravimetry, indicating 
no detectable desorption of the first and second Layers from the surface of the support member. 
This film construction spontaneously and completely wetted with liquid water. As a result, the 
surface of the film construction was considered to be stably hydrophilic. 

In another stability test of the first and second layers of the film construction of 
Example 9, the film construction was immersed in about 5% HC1 at about 80°C for about 2 
days, rinsed in water, and then air dried. Following this treatment, the film construction 
remained hydrophilic. 



Example 14 

This example illustrates the stability of the first and second layers of the film 
construction described in Example 10. In the stability test, the film construction of Example 10 
was extracted in dimethyl formamide (DMF) at about 120°C for about 1 day. No statistically 
significant decrease in the mass of the construction was observed using gravimetry, indicating 
no detectable desorption of the first and second layers from the surface of the support member. 
This film construction spontaneously and completely wetted with liquid water. As a result, the 
surface of the film construction was considered to be stably hydrophilic. 

In another stability test of the first and second layers of the film construction of 
Example 10, the film construction was immersed in about 5% HC1 at about 80°C for about 2 
days, rinsed in water, and then air dried. Following this treatment, the film construction 
remained hydrophilic. 

Example 15 

This example illustrates the stability of the first and second layers of the film 
construction described in Example 9. In the stability test, the film construction of Example 9 
was extracted in distilled water at about 25'C for about 7 days. No statistically significant 
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decrease in the mass of the construction was observed using gravimetry, indicating no 
detectable desorption of the first and second layers from the surface of the support member. 
This film construction spontaneously and completely wetted with liquid water. As a result, the 
surface of the film construction was considered to be stably hydrophilic. 

5 

Example 16 

This example illustrates the stability of the first and second layers of the film 
construction described in Example 10. In the stability test, the film construction of Example 10 
10 was extracted in distilled water at about 25 # C for about 7 days. No statistically significant 
decrease in the mass of the construction was observed using gravimetry, indicating no 
detectable desorption of the first and second layers from the surface of the support member. 
This film construction spontaneously and completely wetted with liquid water. As a result, the 
surface of the film construction was considered to be stably hydrophilic. 



This example illustrates the lack of decreased permeability of a film construction as 
described in Example 9. To evaluate the permeability of the film construction, scanning 

20 electron micrographs were first taken of the microstructure of the film construction to view the 
first and second layers on the nodes and fibrils of the ePTFE support member. The results of 
these micrographs showed no visible plugging of pores or bulk deposition of surfactant therein 
(See Figure 5). This indicates that the adsorption and cross-linking of the first layer and 
attachment of the second layer was very thin. 

25 To further demonstrate that surfactant-treated ePTFE does not increase resistance to 

mass transport by plugging of pores, pore size was measured using a Coulter Porometer. A 
film construction was prepared as described in Example 9 and helically wrapped around a 
cylindrical mandrel to form a tube. The mean pore size of the film-tube construction was 
measured to be 0. 173 ± 0.006 pm, while the mean pore size of a similar untreated ePTFE 

30 tubing was measured to be 0.180 ± 0.001 pm. These data indicate no statistically significant 
blockage of pores due to the first and second layers. 



the permeability of the film construction to glucose flux was measured. To test the 
35 permeability of the film construction to glucose flux an ePTFE film-tube construction was 
prepared as previously described. The glucose mass transport coefficient of the film-tube 
construction was measured to be 0.98 pm/sec, while the glucose mass transport coefficient of a 
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Example 17 



To further demonstrate that an ePTFE support member having a first and second layer 
of the present invention does not increase resistance to mass transport by plugging of pores, 
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similar untreated ePTFE tubing was measured to be 0.25 urn/sec. These data indicate that the 
diffusion of glucose across the film-tube construction of the present invention was greater than 
for the untreated material due to the presence of a more continuous water phase in the pores that 
traversed the thickness of the support member. 

5 

Example 18 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 10. To begin the 

10 process the film construction of Example 10 was immersed in an acetone solution containing 
about 5% carbonyldiimidazole (Sigma) for about 60 minutes to convert vinyl alcohol groups to 
reactive imidazole carbamates. The film construction was rinsed in acetone, then immersed in 
a buffered solution of about 0. 1 % Gly-Arg-Gly-Asp-Ser (Sigma) at about pH 9 for about 24 
hours at about 4X to allow conjugation of the peptide onto the imidazole carbamates. Excess 

15 imidazole groups were converted back to vinyl alcohol groups via hydrolysis in water at about 
pH 7.4 for about 24 hours. 

Example 19 

20 This example also illustrates the immobilization of a bioactive species in the form of 

peptides to a film construction of the present invention as described in Example 9. To begin 
the process, the film construction of Example 9 was immersed in a dimethylformamide (DMF) 
solution containing about 10% hexamethylene diisocyanate (Aldrich), with about 0.5% 
dimethylaminopyridine as catalyst, for about 1 hour in order to place free isocyanate groups 
25 upon the PVA layer ( protocol adapted from A. Kondoh, K. Makino, T. Matsuda^Two- ^ 
Dimensional Artificial Extracellular Matrix: Bioadhesive Peptide-lmmobilized Surface Design, 
i ftp pfioH Polvm Sci. .47: 1983(1993)). The film construction was then rinsed in aqueous 
1M KOH to hydrolyze the free isocyanates to free amines, after which it was immersed in a 
DMF solution containing about 0.5% disuccinimidyl suberate (Pierce) for about 1 hour to place 
30 free succinimidyl groups upon the free amines. The film construction wasrinsed ^MF^then 
immersed in a buffered solution of about 0. 1 % Gly-Arg-Gly-Asp-Ser (Sigma) at about pH 9 
for about 12 hours to allow conjugation of the peptide onto the free succinimidyl groups. 



Example 20 



35 



This example also illustrates the immobilization of a bioactive species in the form of 
peptides to a film construction of the present invention as described in Example 9. To begin 



28 



WO 97/46590 




PCT/US97/09634 



the process, the film construction of Example 9 was immersed in a solution of about 5% 
glyoxylic acid (Sigma), with 1% HC1 as catalyst, for about 15 minutes at about 80°C to 
acetalize the PVA of the second layer, thereby conjugating free carboxylic acid groups. The 
film construction was then immersed in an acetone solution of about 1 % N,N,N\N'- 
5 tetramethyI-0-(N-succinimidyl)uronium tetrafluoroborate (Fluka), with about 0.25% 

dimethylaminopyridine as catalyst, for about 2 hours, to convert the carboxylic acids to reactive 
succinimidyl esters. The film construction was rinsed in acetone, then immersed in a buffered 
solution of about 0. 1 % Gly-Arg-Gly-Asp-Ser (Sigma) at about pH 9 for about 24 hours to 
allow conjugation of the peptide onto the succinimidyl groups. 



Example 2 1 

This example also illustrates the immobilization of a bioactive species in the form of 
peptides to a film construction of the present invention as described in Example 9. To begin 

1 5 the process, the film construction of Example 9 is immersed in a solution of about 5 % 

glyoxylic acid ? with about 1% HC1 as catalyst, for about 10 minutes at about 80°C to place free 
carboxylic acid groups upon the PVA layer. The film construction is immersed in an aqueous 
buffered solution of about \ % 1 -ethyl-3-(dimethylaminopropyl) carbodiimide (EDC) (Sigma) 
at about pH 5 for about 1 hour at about 4°C to convert the carboxylic acids to reactive O- 

20 acylureas. The film construction is rinsed in the buffered solution, then immersed in the 

buffered solution with about 0.1 % Gly-Arg-Gly-Asp-Ser (Sigma) at about pH 9 for about 24 
hours to allow conjugation of the peptide onto the O-acylureas. 

Example 22 

25 

This example illustrates the immobilization of a bioactive species in the form of cells to 
a film construction of the present invention as described in Example 18. To begin the process, 
the film construction of Example 18 was seeded with rat insulinoma cells in cell culture 
medium. These cells have receptors that assist the cells in adhering to certain substrates or 

30 ligands. The ligand, Gly-Arg-Gly-Asp-Ser, described in Example 18 is commonly known to 
bind to receptors on cells involved in adhesion of the cell to other cells, or other substrates. In 
the present invention, the Arg-Gly-Asp ligand was used to immobilize the rat insulinoma cells 
to the film construction of Example 18. As a comparison, unmodified ePTFE, ePTFE 
modified with a polyvinyl alcohol surfactant according to Example 10, but without Gly-Arg- 

35 Gly-Asp-Ser t and tissue culture polystyrene were each seeded with the same cells. Due to 

inertness, hydrophobicity, and slippery texture of ePTFE, cells do not easily adhere to ePTFE, 
if at all. Tissue culture polystyrene is commonly used as a substrate for a wide variety of cells 
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in tissue culture. The extent of cell adhesion was quantified by visualizing the cells under 
phase contrast microscopy 12 hours after the cell seeding. 

The results of these tests showed that tissue culture polystyrene supported spreading of 
all seeded cells after 12 hours, as expected. Similar results were seen with the film 

5 construction of Example 18. Unmodified ePTFE and PV A-modified ePTFE made according to 
Example 10 supported less than 5% spread cells at 12 hours, however. These data indicate, 
among other things, that the immobilization of cells onto ePTFE was enhanced by 
immobilizing bioacti ve ligands for which the cells have receptors onto the ePTFE surface. The 
data also indicate that the presence of a first and second layer alone did not improve cell 

10 immobilization. 

Example 23 

A cell encapsulation device of the type disclosed by Butler et al. in WO 95/04521 and in 

15 pending U.S. Patent Application Serial No. 08/532,925, filed September 22, 1995, entitled 
"Improved Cell Encapsulation Device," which is incorporated herein by reference, was made 
using the film construction of Example 10 as the cell encapsulation membrane, or cover, of the 
device. In preferred embodiments of the Butler et al. device, the geometry is essentially 
cylindrical. An important feature of the device is a cell displacing core located in the center of 

20 the device to place cells away form the center of the device near the cell encapsulation 

membrane where maximum exchange of nutrients, gases, wastes, and cell products between 
cells encapsulated in the device and the external environment of the device can occur. 

A film construction as described in Example 10 was made and helically wrapped on a 
cylindrical mandrel to form a tube, or cover, about 3 cm in length, having an inner diameter of 

25 about 1.7 cm. A hydrogel rod, or core, about 3 cm in length, having an outer diameter of 
about 1,6 cm was inserted into the tube. The tube was sealed at one end by applying a 
constrictive silicone rubber cuff over the tube and the core (See Figure 8). Using a syringe, the 
device was filled with a slurry of adhesion-independent rat insulinoma cells in cell culture 
medium. The remaining open end of the tube was sealed using constrictive silicone rubber 

30 cuffs to prevent passage of cells out of the tube. 

As the cells were being loaded into the device, the first and second layers of the film 
construction of the tube caused the tube to spontaneously wet when exposed to the culture 
medium. As the tube became wetted with the aqueous portion of the culture medium, the tube 
became transparent, allowing visualization of the cells contained therein. The cell 

35 encapsulation device was maintained in vino using standard cell culture techniques. The 
viability of the cells was assessed by monitoring glucose metabolism. The cells remained 
viable and produced lactic acid via glycolysis while enclosed in the device for up to 3 weeks. 



30 



WO 97/46590 



PCT/US97/09634 



These results demonstrate the presence of a continuous water phase across the film 
construction of the present invention sufficient for diffusion of nutrients, gasses, and wastes 
for cells to remain viable. The results also demonstrate that the film construction of the present 
invention was not toxic to cells. 

5 

Example 24 

Many mammalian cells useful for biotechnology are adhesion dependent. For proper 
health of these cells, the cells must have a suitable surface upon which to adhere and spread. If 

10 the cells are not provided with a suitable surface, their metabolic output may be reduced, and in 
extreme circumstances cell death may occur. The present example illustrates that a membrane 
as described in Example 1 8 and formed into an assembly according to Example 23 may also 
maintain the viability of adhesion-dependent smooth muscle cells. 

Two film-tube constructions were initially made. A first construction was made as 

15 described in Example 1 8 having the peptide ligand Gly-Arg-Gly-Asp-Ser. A second 

construction similar to Example 10 was made. Each film construction was formed into a cell 
encapsulation device according to Example 23, following autoclaving. A hydrogel core in the 
form of a rod was inserted into each tubular cell encapsulation device. One end of each device 
was sealed with a constrictive silicone rubber cuff as described in Example 23. Each device 

20 was filled with a slurry of canine smooth muscle cells in cell culture medium. The remaining 
open end of each device was sealed using constrictive silicone rubber cuffs to prevent passage 
of cells out of the device. The film-tube construction of both cell encapsulation devices 
spontaneously wetted when exposed to the culture medium. The wetted film-tube 
constructions became transparent and allowed visualization of the cells contained within the 

25 device. Both cell encapsulation devices were maintained in vitro using standard cell culture 
techniques. 

The morphological state of the cells was assessed by phase contrast microscopy. Cells 
immobilized within the second film construction were unspread on the surface of the 
construction with much cellular debris observed after 4 days in culture. Cells immobilized 

30 within the first film construction were spread upon the surface of the film-tube construction. 
The cells remained spread on the surface of the first film construction for up to 1 6 weeks. 
These data suggest that for the immobilization of certain cell types, the presence of a 
continuous water phase for the transport of nutrients may be inadequate for their morphology 
and immobilization. Surface-bound bioactive ligands may be necessary for the proper 

35 morphology and viability of immobilized adhesion-dependent cell types. 
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Example 25 

In the present invention, spacer arms may be provided as a tether, or linkage, to 
provide a physical space between the bioactive species and the second layer in order to relieve 
Lie limitations between these two components. A variety of hydrophilic and hydrophobe 
spacer arms may be attached onto the multilayered structure using techniques known to those 
skilled in the art. For example, the film construction of Example 9 was immersed m an 
aqueous solution of about 5 % -polyethylene glycol dialdehyde (3400 g/mol, Shearwater 
Xers), with 1 % HC1 as catalyst, for about 5 minutes, at about 80-C. to place free aldehyde 
groups on the PVA surface tethered by a PEG chain. Bioactive species were then be 
immobilized onto these free aldehydes using techniques known to those skilled m the art. 

Example 26 

Using the protocol of Example 18, a Gly-Arg-Gly-Asp-Se, ligand was immobilized I to 
,hc lumina. surface of an ePTFE vascular graft (W.L. Gore & Associates. Inc., Hagstaff. AZ). 
Following autoclaving, the graft was seeded with canine endothelial cells The cells were 
iLed to adhere for 10 days in cuLure. Adhesion of the endothelial ceils was assessed usmg 
a stain specific for endothelial low density lipoprotein (LDL) vacuoles (Btomedtcal 
Technologies). The LDL stain showed a confluent monolayer of functtonal endothelial cells 
covering the entire treated surface of the vascular graft. 

Example 27 

A vascular graft having a 6mm inner diameter made according to Example 26 was 
crafted in a greyhound dog as a femoral-popliteal artery by-pass for 2 hours. No 
an^oagu JL were used in the experiment. A. the end of the 2 hour period, the graft was 
^r^d examined for the presence of endo.he.ia, ce,ls immobilized on the —surface 
Tk ™* Fndothelial cells were observed on the luminal surface of the vascular graft 

of the graft. 
Example 28 

As demonstrated in Example 22, adhesion-dependent cel. types may require the 
presence of a surface bound peptide factor for immobi.isation. Cells w„eno. immobthzed 
TtoThe untreated hydrophobic ePTFE support member, bu, were atuched to the two layer 
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PVA system having the bioactive species Gly-Arg-GIy-Asp-Ser immobilized thereon as per 
Example 22. Therefore, cells may be immobilized onto a support member in a pattern by 
placing the first layer, the second layer, and the bioactive species in specific locations on the 
support member. 

5 For example, a construction of Example 10 was sandwiched between two other 

identical membranes. A rubber stamp having a distinct pattern was wetted with isopropyl 
alcohol. The isopropyl alcohol was applied to the membrane "sandwich" to wet all the ePTFE 
layers with only the pattern of the stamp. The membrane sandwich was then treated according 
to the protocol of Example 1 8 to conjugate the peptide in the shape of the pattern on the rubber 

10 stamp. The central membrane was removed from the sandwich configuration and seeded with 
canine endothelial cells. After about 12 hours, cells were immobilized in the shape of the 
pattern. No cells were seen adhered to the area of the ePTFE support member where the 
conjugated peptide had not been immobilized. The immobilized canine cells remained viable, 
immobilized, and confined to the patterned area of the support member for at least 4 weeks. 

15 See Figure 10, for example. 

Example 29 

This example illustrates the present invention having a support member comprised of a 
20 polyester material. A film of polyester (Poretics) is first immersed in isopropanol to wet the 
membrane. The film is then immersed in a solution of 1 % polyvinyl alcohol (PVA) (Sigma) 
for about 5 min to allow adsorption of the PVA. Next, the film is rinsed in deionized water for 
about 10 min. Lastly, the film is immersed in a solution of about 5% glutaraldehyde and about 
1 % HC1 for about 20 minutes to cross-link the PVA in situ. The resulting film construction is 
25 a polyester support member having a first layer formed thereon. 

Example 30 

This example illustrates the present invention having a support member comprised of a 
30 polycarbonate material. A film of polycarbonate (Poretics) is first immersed in isopropanol to 
wet the membrane. The film is then immersed in a solution of 1 % polyvinyl alcohol (PVA) 
(Sigma) for about 5 min to allow adsorption of the PVA. Next, the film is rinsed in deionized 
water for about 10 min. Lastly, the film is immersed in a solution of about 5% glutaraldehyde 
and about 1 % HC1 for about 20 minutes to cross-link the PVA in situ. The resulting film 
35 construction is a polycarbonate support member having a first layer formed thereon. 
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Example 31 



This example illustrates the present invention having a support member comprise of a 
polve.hy.ene material. A film of polygene (Whattnan) is first tamersed in isyopanoUo 
me membrane. The mm is then immersed in a solution of 1 * po.yv.ny. alcohol (PVA) 
Xma) for about 5 min to al.ow adsorption of the PVA. Next, the fun, K nnsed m de,om*d 
wateTfor about 10 min. Las,.y, the f..m is immersed in a solution of about 5% glutaraldehyde 
and about 1 % HC1 for about 20 minutes to cross-link the PVA In »<». The resulting film 
construction is a polyethylene support member having a first layer formed thereon. 



Example 32 



This example illustrates the present invention having a support member comprised of a 
polyvinylidenefluoride material. A film of polyvinylidcnefluoride (Millipore) is firs, .mmersed 
Z opropanol to we, the membrane. The film is then immersed m a solution of 1 * polyvny. 
lohol (PVA) (Sigma) for abou, 5 min. ,o allow adsorption of the PVA. Next the film .s 
' nst. in deionized water for abou, .0 min. Ustly, - film is immersed 
}% glutaraldehyde and abou, 1 % HC1 for abou. 20 minutes to cross-hnk the PVA » s,m. The 
resuLg film construction is a polyvinylidenefluoride support member havmg a firs, layer 
formed thereon. 

Example 33 

This example illustrates the present invention having a support member comprised of 
silver meul A membrane of silver metal (Poretics) is first immersed in isopropa*.! to w« the 
meta Tne metal is then immersed in a solution of 1 % polyvinyl alcohol (PVA) (S.gma) for 
Tout 5 min ,0 allow adsorption of the PVA. Next, the meta. is rinsed in de.on,zed water for 

Tu % HC. for about 20 minutes ,0 cross-linx the PVA * The resulung film 
eduction is a silver me,al support member having a firs, layer formed .hereon. 

Example 34 

This example illusnates me presen, invemion having a support member comprised of a 
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rinsed in deionized water for about 10 min. Lastly, the film is immersed in a solution of about 
5% glutaraldehyde and about 1 % HC1 for about 20 minutes to cross-link the PVA in situ. The 
resulting film construction is a cellulose acetate support member having a first layer formed 
thereon. 

5 

Example 35 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 30. The film of 
10 Example 30 is treated additionally according to Example 10 to place a second layer thereon. 
The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
Example 1 8. The resulting film construction is a polycarbonate support member having the 
bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

15 Example 36 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 31. The film of 
Example 31 is treated additionally according to Example 10 to place a second layer thereon. 
20 The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
Example 18. The resulting film construction is a polyethylene support member having the 
bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

Example 37 

25 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 32. The film of 
Example 32 is treated additionally according to Example 10 to place a second layer thereon. 
The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
30 Example 18. The resulting film construction is a polyvinylidenefluoride support member 
having the bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

Example 38 

35 This example illustrates the immobilization of a bioactive species in the form of peptides 

to a film construction of the present invention as described in Example 33. The film of 
Example 33 is treated additionally according to Example 10 to place a second layer thereon. 
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The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser according to 
Example 1 8. The resulting film construction is a silver metal support member having the 
bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

5 Example 39 

This example illustrates the immobilization of a bioactive species in the form of peptides 
to a film construction of the present invention as described in Example 34. The film of 
Example 34 is treated additionally according to Example 10 to place a second layer thereon. 
The film is then immobilized with the bioactive peptide Gly-Arg-Gly-Asp-Ser accordmg to 
Example 1 8. The resulting film construction is a cellulose acetate support member having the 
bioactive species Gly-Arg-Gly-Asp-Ser immobilized thereto. 

Example 40 

15 This example illustrates the immobilization of a bioactive species in the form of cells to 

a Mm construction of the present invention as describe in Example 36. Cells are seeded on 
,„e membrane of Example 36 according to Example 22. The expect* results show tha, the 
film construction of Example 36 supports the immobilization of cells, whtle the unmodified 

20 polypropylene Ftlms are unable to support the immob.l.tal.on of cells. 

Example 41 

This example illustrates the present invention having a support member comprised of an 
M exoanded polytetrafluoroethylene (ePTFE) covered stent in the form of a compostte. To 
25 r^recomposi.e.anitinolwirestentiscoveredwimane^ ' 
the composite device is immersed in isopropyl alcohol to prewet the ePTFE. Tht ts followed 
bXm^ion in a solution of about I % polyvinyl alcohol (PVA) (Sigma) tn dtsttlled water 
(w "out 5 minutes followed by a washing in distilled water for about 1 I— ° 

TT Example 6 to form a first layer on the ePTFE support member component of the 
Z ££T A Uyer is then applied to the firs, layer using the procedure Ulustratrf 

"yde ctoss-.inking to a desired bioactive species. The resuUmg construct™ ts a 
35 second layer attached to the first with bioactive species immobdued thereon. 
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Example 42 

This example describes a method for the detection of the degree of cross-linking of the 
PVA. Fourier Transform Infrared Spectroscopy is used to detect the free hydroxyl groups 
5 before and after cross-linking. A shift in the hydroxyl group (OH) peak position from 
approximately 3349 cm* 1 to approximately 3383 cm* 1 with a decrease in peak height is 
proportional to the degree of cross-linking. A decrease in the height of the peak of about 50% 
and a shift from approximately 3349 cm 1 to approximately 3383 cm* 1 when about 50% of the 
hydroxyl groups of the PVA are cross-linked. 

10 

Example 43 

This example illustrates a method for the detection of excessive cross-linking of the of a 
first layer comprised of polyvinyl alcohol (PVA) in an article of the present invention. In the 

15 method, a first article was prepared according to Example 6. A second article was also made 
using a glutaraldehyde/HCl exposure of only 5 minutes. Both articles were steam sterilized 
and examined using FTIR. The article made according to Example 6 revealed a broad peak at 
about 1 690 cm*i and a sharp peak at about 1590 cm- 1 . These peaks are believed to represent 
excess aldehyde groups present on the first layer and its partial hydrolysis products from steam 

20 exposure. The article that was exposed to glutaraldehyde/HCl for 5 minutes showed a small 
peak at about 1690 cm-i and no peak at about 1590 cm 1 . These results demonstrate that the 
PVA layer of the second article was cross-linked to a lesser extent than the PVA layer of the 
First article. Accordingly, an increase in the peak areas at about 1690 cm 1 and 1590 cm-i is 
indicative of the extent of cross-linking of the first layer of an article of the present invention. 



Example 44 

This example illustrates a method for detecting the presence of a second layer of PVA 
attached to a first layer of PVA in an article of the present invention. In the method, an article 

30 constructed according to Example 10 was steam sterilized and examined using FTIR. Strong 
peaks at about 2950 cm* 1 and about 3350 cm 1 was seen under FTIR analysis. These peaks 
represent signals from the hydrocarbon backbone and the hydroxyl groups of the PVA, 
respectively, of the first and second layers. Peaks at 1590 cm-i and 1690 cm-i were not seen. 
The absence of peaks at 1590 enr* and 1690 cm * indicate that substantially all of the aldehyde 

35 groups from the cross-linking agent were consumed during the attachment of the second layer 
to the first layer. Accordingly, the ratio of peak area at about 2950 cm* 1 to the peak area at 
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about 1590 cm 1 is indicative of the extent to which excess, unreacted, aldehyde groups are 
present following attachment of a second layer to a first layer in the present invention. 

Example 45 

This example illustrates a method for detecting the presence of a second layer 
comprised of poly(lysine) attached to a first layer of PV A. In the method, an article made 
according to Example 12 was steam sterilized and examined using bilk. A strong peak at 
about 2950 cm 1 was seen under FTIR analysis. This peak represents a signal from the 
hydrocarbon backbone of PVA of the first layer. A peak at about 1590 cm-i was not observed. 
The absence of a peak at 1590 cm-i indicates that substantially all of the aldehyde groups of the 
cross-linking agent of the first layer were consumed during the attachment of the second layer 
to the first layer. A peak at about 1650 cm ' was observed. This peak represents a signal from 
the amide groups of the poly(lysine) moieties of the second layer. As in Example 44, the ratio 
of peak area at about 2950 cm ' to the peak area at about 1590 cm-i is indicative of the extent to 
which excess, unreacted, aldehyde groups are present following attachment of a second layer 
to a first layer in the present invention. 

Example 46 

This example illustrates the immobilization of lysine to a second layer comprised of 
PVA such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
10 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous acetone for 
60 minutes. The construction is successively rinsed in acetone, then aqueous buffer (150mM 
NaHC0 3 , 500mM NaCl, pH 8.0, 4*C). N-e-Boc-L-lysine (Bachem California, Torrance CA) 
is dissolved in the coupling buffer at a concentration of lOmg/ml. The construct is immersed 
in this solution for 24 hr. at 4*C with gentle agitation. 

The construction is rinsed successively in coupling buffer, deionized water, and 
tetrahydrofuran. The construction is then immersed in a solution of 10% trifluoroacetic acid 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
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tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
of the lysine unreacted, or free. 

5 Example 47 

This example illustrates another immobilization of lysine to a second layer comprised of 
PVA such that the lysine molecules are immobilized through the a-amine group of the 

molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
10 relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
10 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous 
dimethylformamide for 60 minutes. The construction is rinsed in dimethylformamide. N-e- 
Boc-L-lysine (Bachem California, Torrance CA) is dissolved in dimethylformamide at a 

15 concentration of lOmg/ml. The construction is immersed in this solution for 24 hr at 4°C 
with gentle agitation. The construction is then rinsed in dimethylformamide. Next, the 
sample is immersed in a solution of 10% trifluoroacetic acid dissolved in dimethylformamide 
for 60 rnin., followed by successive rinsing in dimethylfonnamide, deionized water, and 
phosphate buffered saline. The resulting article contains lysine immobilized to the second 

20 layer exclusively via the a-amine terminus with the E-amine group of the lysine unreacted, or 
free. 



PVA such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 



Example 48 



25 



This example illustrates another immobilization of lysine to a second layer comprised of 



39 



WO 97/46590 " ~ PCT/US97/09634 

A construction of the present invention having a second layer according to Example 
10 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous acetone for 
60 minutes. The construction is successively rinsed in acetone, then aqueous buffer (150mM 
NaHC0 3 , 500mM NaCl, pH 8.0, 4'C). N-e-FMOC-L-lysine (Bachem California, Torrance 
CA) is dissolved in the coupling buffer at a concentration of lOmg/ml. The construct is 
immersed in this solution for 24 nr. at 4*C with gentle agitation. 

The construction is rinsed successively in coupling buffer, deionized water, and 
tetrahydrofuran. The construction is then immersed in a solution of 10% piperidine 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
of the lysine unreacted, or free. 

Example 49 

This example illustrates another immobilization of lysine to a second layer comprised of 
PVA such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
10 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous 
dimethylformamide for 60 minutes. The construction is rinsed in dimethylformamide. N-e- 
FMOC-L-lysine (Bachem California, Torrance CA) is dissolved in dimethylformamide at a 
concentration of lOmg/ml. The construction is immersed in this solution for 24 hr at 4X 
with gentle agitation. The construction is then rinsed in dimethylformamide. Next, the 
sample is immersed in a solution of 10% trifluoroacetic acid dissolved in dimethylformamide 
for 60 min., followed by successive rinsing in dimethylformamide, deionized water, and 
phosphate buffered saline. The resulting article contains lysine immobilized to the second 
layer exclusively via the a-amine terminus with the e-amine group of the lysine unreacted, or 
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free. 



Example 50 

5 This example illustrates the immobilization of lysine to a second layer comprised of 

poly(ethyleneimine) such that the lysine molecules are immobilized through the a-amine group 
of the molecule, while leaving the e-amine group of the lysine molecules are unreacted. This 
method relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 
1 0 poly(ethyleneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 

anhydrous acetone for 60 minutes. The construction is successively rinsed in acetone, then 
aqueous buffer (150mM NaHC0 3 , 500mM NaCl, pH 8.0, 4'C). N-e-Boc-L-lysine (Bachem 
California, Torrance CA) is dissolved in the coupling buffer at a concentration of lOmg/ml. 
The construct is immersed in this solution for 24 hr. at 4"C with gentle agitation. 
15 The construction is rinsed successively in coupling buffer, deionized water, and 

tetrahydrofuran. The construction is then immersed in a solution of 10% trifluoroacetic acid 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
20 of the lysine unreacted, or free. 

Example 51 

This example illustrates another immobilization of lysine to a second layer comprised of 
25 poly(ethyleneimine) such that the lysine molecules are immobilized through the a-amine group 
of the molecule, while leaving the e-amine group of the lysine molecules are unreacted. This 
method relies on Boc protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 
poly(ethyleneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 
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anhydrous dimethyl formamide for 60 minutes. The construction is rinsed in 
dimethylformamide. N-e-Boc-L-lysine (Bachem California, Torrance CA) is dissolved in 
dimethylformamide at a concentration of lOmg/ml. The construction is immersed in this 
solution for 24 hr at 4*C with gentle agitation. The construction is then rinsed in 
dimethylformamide. Next, the sample is immersed in a solution of 10% trifluoroacetic acid 
dissolved in dimethylformamide for 60 min., followed by successive rinsing in 
dimethylformamide, deionized water, and phosphate buffered saline. The resulting article 
contains lysine immobilized to the second layer exclusively via the ct-amine terminus with the 
e-amine group of the lysine unrcacted, or free. 

Example 52 

This example illustrates another immobilization of lysine to a second layer comprised of 
poly(ethyleneimine) such that the lysine molecules are immobilized through the a-amine group 
of the molecule, while leaving the e-amine group of the lysine molecules are unreacted. This 
method relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 
poly(ethyleneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 
anhydrous acetone for 60 minutes. The construction is successively rinsed in acetone, then 
aqueous buffer (150mM NaHC0 3) 500mM NaCl, pH 8.0, 4'C). N-e-FMOC-L-lysine 
(Bachem California, Torrance CA) is dissolved in the coupling buffer at a concentration of 
lOmg/ml. The construct is immersed in this solution for 24 hr. at 4'C with gentle agitation. 

The construction is rinsed successively in coupling buffer, deionized water, and 
tetrahydrofuran. The construction is then immersed in a solution of 10% piperidine 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
of the lysine unreacted, or free. 
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Example 53 

This example illustrates another immobilization of lysine to a second layer comprised of 
poly(ethyleneimine) such that the lysine molecules are immobilized through the a-amine group 
5 of the molecule, while leaving the e-amine group of the lysine molecules are unreacted. This 
method relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer comprised of 
poly(ethyleneimine) is immersed in a 5% solution of carbonyldiimidazole dissolved in 
anhydrous dimethylformamide for 60 minutes. The construction is rinsed in 
10 dimethylformamide. N-e-FMOC-L-lysine (Bachem California, Torrance CA) is dissolved in 
dimethylformamide at a concentration of lOmg/ml. The construction is immersed in this 
solution for 24 hr at 4*C with gentle agitation. The construction is then rinsed in 
dimethylformamide. Next, the sample is immersed in a solution of 10% trifluoroacetic acid 
dissolved in dimethylformamide for 60 min., followed by successive rinsing in 
15 dimethylformamide, deionized water, and phosphate buffered saline. The resulting article 

contains lysine immobilized to the second layer exclusively via the a-amine terminus with the 
e-amine group of the lysine unreacted, or free. 

Example 54 

20 

This example illustrates the immobilization of lysine to a second layer comprised of 
poly(l-lysine) such that the lysine molecules are immobilized through the a-amine group of the 

molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on Boc protection of the e-amine group of the lysine molecules. 
25 A construction of the present invention having a second layer according to Example 

12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous acetone for 
60 minutes. The construction is successively rinsed in acetone, then aqueous buffer (150mM 
NaHC0 3 , 500mM NaCl, pH 8.0, 4'C). N-e-Boc-L-lysine (Bachem California, Torrance CA) 
is dissolved in the coupling buffer at a concentration of lOmg/ml. The construct is immersed 
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in this solution for 24 hr. at 4'C with gentle agitation. 

The construction is rinsed successively in coupling buffer, deionized water, and 
tetrahydrofuran. The construction is then immersed in a solution of 10% trifluoroacetic acid 
dissolved in tetrahydrofuran for 60 mm. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysme 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
of the lysine unreacted, or free. 

Example 55 

This example illustrates another immobiltotior. of lysine to a second layer comprised of 
poly(l-lysine) such .hat the lysine molecules are immobilized through the a-amine group of the 
molecule, while ieaving the e-aminc group of the lysine molecules are unreacted. This method 
relies on Boc protection of the a-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous 
dimethylformamide for 60 minutes. The construction is rinsed in dtmemylformamide. N-s- 
Boc-L-lysine (Bachem California. Torrance CA) is dissolved in dimelhylformamide at a 
concentration of 10mg/ml. The construction is immersed in this solution for 24 hr a. 4"C 
with gentle agitation. The construction is then rinsed in dimethy.formamide. Next, the 
.ample is immersed in a solution of 10% trifluoroacetic acid dissolved in dimefcylformam.de 
for 60 min., followed by successive rinsing in dimethylfonnamide, deionized water, and 
phosphate buffered saline. The resulting article contains lysine immobilized to the second 
layer exclusive* via the a-amine terminus with the .-amine group of the lysine unreacted, or 

free. 



Example 56 



This example illustrates another immobilization of lysine to a second layer comprised of 
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poly(Mysine) such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the E-amine group of the lysine molecules arc unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
5 12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous acetone for 
60 minutes. The construction is successively rinsed in acetone, then aqueous buffer (150mM 
NaHC0 3 , 500mM NaCl, pH 8.0, 4°C). N-e-FMOC-L-lysine (Bachem California, Torrance 
CA) is dissolved in the coupling buffer at a concentration of lOmg/ml. The construct is 
immersed in this solution for 24 hr. at 4°C with gentle agitation. 
10 The construction is rinsed successively in coupling buffer, deionized water, and 



tetrahydrofuran. The construction is then immersed in a solution of 10% piperidinc 
dissolved in tetrahydrofuran for 60 min. This is followed by successive rinsing in 
tetrahydrofuran, deionized water, and coupling buffer. The resulting article contains lysine 
immobilized to the second layer exclusively via the a-amine terminus with the e-amine group 
15 of the lysine unreacted, or free. 



20 poly(l-lysine) such that the lysine molecules are immobilized through the a-amine group of the 
molecule, while leaving the e-amine group of the lysine molecules are unreacted. This method 
relies on FMOC protection of the e-amine group of the lysine molecules. 

A construction of the present invention having a second layer according to Example 
12 is immersed in a 5% solution of carbonyldiimidazole dissolved in anhydrous 

25 dimethylformamide for 60 minutes. The construction is rinsed in dimethyl formamide. N-e- 
FMOC-L-lysine (Bachem California, Torrance CA) is dissolved in dimethylformamide at a 
concentration of lOmg/ml. The construction is immersed in this solution for 24 hr at 4°C 
with gentle agitation. The construction is then rinsed in dimethylformamide. Next, the 



Example 57 



This example illustrates another immobilization of lysine to a second layer comprised of 
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sample is immersed in a solution of 10% trifluoroacetic acid dissolved in dimethylformamide 
for 60 min., followed by successive rinsing in dimethylformamide, deionized water, and 
phosphate buffered saline. The resulting article contains lysine immobilized to the second 
layer exclusively via the a-amine terminus with the e-amine group of the lysine unreacted, or 

free. 



Example 58 

This example illustrates a vascular graft made with materials of the present invention. 
,0 A vascular graft comprised of a porous polytetrafluoroethylene material (W.L. Gore & 
Associates, Inc., Flagstaff, AZ) is obtained and subjected to the processes described ,n 
Examples 1 and 9, above, in order to prepare the graft for immobilization of lysine thereto. 

Lysine is attached to the second layer via any of the processes described in Examples 
46 57 above The resulting vascular graft has lysine immobilized thereto such that circulating 
15 plasminogen can attach to the immobilized lysine and form a thrombolytic blood contact 
surface thereon once the graft is implanted in a recipient. 
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Claims 

What is claimed is: 

1 . A material having immobilized bioactive species comprising: 
a support member; 

a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ\ 

a second layer comprised of at least one species of a hydrophilic polymer attached to the 
first layer; and 

at least one type of bioactive species attached to the second layer. 

2. The material of claim 1 wherein the support member comprises a non-porous polymer 
material. 

3 . The material of claim 2 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
polyethylene-co-vinyl acetate, polyamide, polyurethanc, and regenerated cellulose. 

4. The material of claim 1 wherein the support member is selected from a member of the 
group consisting of silk, wool, and leather. 

5 . The material of claim 1 wherein the support member comprises a porous polymer 
material. 

6. The material of claim 5 wherein the porous polymer material is selected from a member 
of the group consisting of porous polytetrafluoroethylene, porous polyethylene, porous 
polypropylene, porous polyethyleneterephthalate, porous polyurethane, porous silicone 
rubber, porous polystyrene, porous polysulfone, porous polyester, porous 
polyhydroxyacids, porous polycarbonate, porous polyimide, porous polyamide, 
porous polyamino acids, and porous regenerated cellulose. 

7. The material of claim 1 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
support member and at least one domain that is chemically reactive with a cross-linking 
agent. 
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j The material of claim 1 wherein the hydrophilic polymer comprises chemically 
functional groups capable of attaching to the first layer and additional chemically 
functional groups capable of attaching to the bioactive species. 

9 The material of claim 1 wherein the polymeric surfactant of the first layer is selected 
from the group consisting of polyvinyl alcohol, polyethylene glycol, polypropylene 
glycol, dextran, agarose, alginate, polyacrylamide, polyglycidol, polyvinyl alcohol-co- 
ethylene), polyCethyleneglycol-co-propyleneglycol), polyvinyl acetate-co-v,nyl 
alcohol), poly(tetrafluoroethylene-co-vinyl alcohol), poly(acrylonitrile-co-acrylam.de), 
poly(acrylonitrile-co-acrylic acid-co-acrylamidine), polyacrylic acid, poly-lysme, 
polyethyleneimine, polyvinyl pyrrolidone, polyhydroxyethylmethacrylate, and 
polysulfone, and their copolymers, either alone or in combination. 

10 The material of claim 1 wherein the hydrophilic polymer of the second layer is selected 
" from the group consisting of polyvinyl alcohol, polylysine, poly(acrylonitrile-co-acryl.c 
acid-acrylamidine), polyacrylic acid, polyhydroxyethylmethacrylate, 
polyvinylpyrrolidone, polyethylene glycol, alginate, sepharose, agarose, 
polyethyleneimine, polyallylamine, polyaminoethylmethacrylate, polyomithme, 
polyaminoacrylamide, polyacrylamide, polyacrolein, polyacryloxysuccmm.de, 
polysulfone, polyCacrylonitrile-co-acrylamide), and their copolymers, either alone or m 
combination. 

11. The material of claim 1 wherein the hydrophilic polymer comprises a random 
copolymer of tetrafluoroethylene and vinyl alcohol. 

The material of claim 1 wherein the hydrophilic polymer comprises a copolymer of 
hydroxyethylmethacrylate and hexafluoroacrylate. 

The material of claim 1 wherein the hydrophilic polymer comprises a copolymer of 
polyethylene and vinyl alcohol. 

The material of dahn 1 whe™n a spacer compound is tossed bewcen *e s«o„<i 
layer and the bioactive species. 

The material of claim 14 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 
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1 6. The material of claim 14 wherein the spacer compound is cleavable. 



17. The material of claim 16 wherein the cleavable spacer compound is selected from the 
group consisting of polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, 
and cysteine-linkers. 

1 8. A material having immobilized bioactive species comprising: 

a support member comprised of a polytetrafluoroethylcne material; 
a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ with sufficient amounts of a cross- 
linking agent so that unreacted chemically reactive groups of the cross-linking agent arc 
present; 

a second layer comprised of at least one species of a hydrophilic polymer attached to the 
first layer through the unreacted chemically reactive groups of the cross-linking agent; 
and 

at least one type of bioactive species attached to the second layer. 

19. The material of claim 1 8 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
support member and at least one domain that is chemically reactive with the cross- 
linking agent 

20. The material of claim 18 wherein the hydrophilic polymer comprises chemically 
functional groups capable of attaching to the unreacted chemically reactive groups of the 
cross-linking agent attached to the first layer and having additional chemically 
functional groups capable of attaching to the bioactive species. 

2 1 . The material of claim 1 8 wherein the polytetrafluoroethylene material is porous. 

22. The material of claim 18 wherein the polytetrafluoroethylene material is non-porous. 

23 . The material of claim 1 8 wherein a spacer compound is interposed between the second 
layer and the bioactive species. 

24. The material of claim 23 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 
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25. The material of claim 23 wherein the spacer compound is cleavable. 

26 The material of claim 25 wherein the cleavable spacer compound is selected from the 
group consisting of polyhy droxy acids, polyanhydrides, polyamino acids, tartarates, 

and cysteine-linkers. 

27. A material having immobilized bioactive species comprising: 
a support member; 

a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ with sufficient amounts of a cross- 
linking agent so that unreacted chemically reactive groups of the cross-linking agent are 

a^nd layer comprised of at least one species of a hydrophilic polymer attached to the 
first layer through the unreacted chemically reactive groups of the cross-linking agent; 
and 

at least one type of bioactive species attached to the second layer. 

The material of claim 27 wherein the support member comprises a non-porous polymer 
material. 

The material of claim 28 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

The material of claim 27 wherein the support member comprises a porous polymer 
material. 

The material of claim 30 wherein the porous polymer material is selected from a 
member of the group consisting of porous polytetrafluoroethylene, porous 
polyethylene, porous polypropylene, porous polyethyleneterephthalate, porous 
P^lyurelhane, Vo-s silicone rubber, porous polystyrene, porous polysulfone, porous 
fester, porous poly hydroxy acids, porous polycarbonate, porous polyim.de, porous 
polyamide, porous polyamino acids, and porous regenerated cellulose. 

The material of claim 27 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
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support member and at least one domain that is chemically reactive with the cross- 
linking agent. 

33. The material of claim 27 wherein the hydrophilic polymer comprises chemically 
functional groups capable of attaching to the unreacted chemically reactive groups of the 
cross-linking agent attached to the first layer and having additional chemically 
functional groups capable of attaching to the bioactive species. 

34. The material of claim 27 wherein a spacer compound is interposed between the second 
layer and the bioactive species. 

35. The material of claim 34 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 

3 6 . The material of claim 34 wherein the spacer compound is cleavable. 

37. The material of claim 36 wherein the cleavable spacer compound is selected from the 
group consisting of polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, 
and cysteine-linkers. 

38. A material having immobilized bioactive species comprising: 
a support member; 

a first layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ with sufficient amounts of a cross- 
linking agent so that unreacted chemically reactive groups of the cross-linking agent are 
present; and at least one type of bioactive species attached to the first layer. 

39. The materia] of claim 38 wherein the support member comprises a non-porous polymer 



40. The material of claim 39 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

4 1 . The material of claim 38 wherein the support member comprises a porous polymer 



material. 
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material. 

42 The material of claim 41 wherein the porous polymer material is selected from a 
member of the group consisting of porous polytetrafluoroethylene, porous 
polyethylene, porous polypropylene, porous polyethyleneterephthalate, porous 
Polyurethane, porous silicone rubber, porous polystyrene, porous polysulfone, porous 
polyester, porous polyhydroxyacids, porous polycarbonate, porous polyim.de, porous 
polyamide, porous polyamino acids, and porous regenerated cellulose. 

The material of claim 38 wherein thepolymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
support member and at least one domain that is chemically reactive with the cross- 
Unking agent. 

44. The material of claim 38 wherein a spacer compound is interposed between the first 
lay er and the bioactive species. 

45 The material of claim 44 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 

46. The material of claim 44 wherein the spacer compound is clcavable. 

47 The material of claim 46 wherein the cleavable spacer compound is selected from the 
^up consisting of polyhydroxyacids, po.yanhydrides, polyamino aads, tartarates, 
and cysteine-linkers. 

48. A material having immobilized bioactive species comprising: 
support member and cross-linked together In Mr, 

Tptality of layers atacheo to one another wherein each layer ts composed of a, leaa 
on^L of a hydrophilic polymer and wherein a, leas, on, layer of the plura,.ty of 
lavers is attached to the first layer; and 

I leTonetype of bioactive species attache, to a, leas, one layer of the plurahty of 

layers. 
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49. The material of claim 48 wherein the support member comprises a non-porous polymer 
material. 

50. The material of claim 49 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

5 1 . The material of claim 48 wherein the support member comprises a porous polymer 
material. 

52. The materia] of claim 51 wherein the porous polymer material is selected from a 
member of the group consisting of porous polytetrafluoroethylene, porous 
polyethylene, porous polypropylene, porous polyethyleneterephthalate, porous 
polyurethane, porous silicone rubber, porous polystyrene, porous polysulfone, porous 
polyester, porous polyhydroxyacids, porous polycarbonate, porous polyimide, porous 
polyamide, porous polyamino acids, and porous regenerated cellulose. 

53 . The material of claim 48 wherein a spacer compound is interposed between at least one 
layer of the plurality of layers and the bioactive species. 

54. The material of claim 53 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 

55. The material of claim 53 wherein the spacer compound is cleavable. 

56. The material of claim 55 wherein the cleavable spacer compound is selected from the 
group consisting of polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, 
and cysteine- linkers. 

57. A method of making a material having immobilized bioactive species which comprises: 
providing a support member; 

adsorbing a first layer comprised of polymeric surfactants to the support member; 
cross-linking the polymeric surfactants in situ with a cross-linking agent; 
attaching a second layer comprised of at least one type of hydrophilic polymer to the 
first layer; and 
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immobilizing a bioactive species to the second layer. 

58. The method of claim 57 wherein the support member is anon-porous polymer material. 

59. The method of claim 57 wherein the support member is a porous polymer material. 

60 The method of claim 57 wherein the polymeric surfactants are selected from a member 
of the group consisting of polyvinyl alcohol, polyethylene glycol, P^*V 
g yco. dexln, agarose, alginate, polya^lamide, polyglycidol, polyvmyl alcohol-co- 
polyethylene, pol (ethyleneglycol-co-propyleneglycol), polyvinyl acetate-co-vmy. 
alcohol), HPL-1, poly(tetrafluoroethylene-co-vinyl alcohol), poly (aery lorutrUe-co- 
acrylamide), poly(acrylonitrile-co-aciyhc acid-acrylamidine), polyacrync acid, 
oolvamide, poly-lysine, polyethyleneimine, polyvinyl pyrrohdone, 

either alone or in combination. 

6 , The method of claim 57 wherein the hydrophilic polymer, are selected from a member 
^group consisting ofpolyvinyl alcohol, po.ylysine.po.yCae^.omm.e-co-acryhc 
acid-acrylamidine), polyacrylic acid, polyhydroxyethylmethacrybte, 
polyvinylpyrrolidone, polyethylene glycol, alginate, sepharose, agarose, 
£ yemyleimine, po.y>.lylami.e, poiy.minoedtylmeaucry.ate, polyonnthm . 
^lyamLacrylamide, polyacryhtmide. polyacrotein. polyac^loxysuccm-mtde. 
^f-.^-y.oniui.e-.acry.amide,, and their copoiymers, enher aione or tn 

combination. 

62 The method of claim 57 wherein the cross-linking agent is selected from a member of 
consisting of vinyls, nnidadols, carbamates, aldehydes, 
halides, akyl halides, isocyana.es. amines, anhydndes. actds. alcohols, thtols, este*. 
imides, and maleimides. 

Z that unreacted chemically reactive gn.ups of the cross-Knkmg 

agent are present. 



64. 



The method of claim 57 further comprising: 

II linking the polymeric surfactants ,„ ^ with a crossing agent under 
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conditions that do not produce polymerization of the cross-linking agent. 

65. The method of claim 57 further comprising: 

using a catalyst with the cross-linking agent that evolves as a gas following the cross- 
linking step. 

66. The method of claim 57 further comprising: 

using a catalyst with the cross-linking agent in the form of a dissolved gas. 

67. The material of claim 1 wherein the material is produced through the following process: 
providing a support member; 

attaching a first layer comprised of polymeric surfactants to the support member; 
cross-linking the polymeric surfactants in situ with a cross-linking agent; 
attaching a second layer comprised of at least one type of hydrophilic polymer to the 
first layer; and 

immobilizing a bioactive species to the second layer. 

68. The material of claim 67 wherein the support member comprises a non-porous polymer 
material. 

69. The material of claim 68 wherein the non-porous polymer material is selected from a 
member of the group consisting of polytetrafluoroethylene, polyethylene, 
polypropylene, polyethyleneterephthalate, polystyrene, polysulfone, polycarbonate, 
and regenerated cellulose. 

70. The material of claim 67 wherein the support member comprises a porous polymer 
material. 

7 1 . The material of claim 70 wherein the porous polymer material is selected from a 
member of the group consisting of porous polytetrafluoroethylene, porous 
polyethylene, porous polypropylene, porous polyethyleneterephthalate, porous 
polyurethane, porous silicone rubber, porous polystyrene, porous polysulfone, porous 
polyester, porous polyhydroxyacids, porous polycarbonate, porous polyimide, porous 
polyamide, porous polyamino acids, and porous regenerated cellulose. 

72. The material of claim 67 wherein the polymeric surfactant comprises a multifunctional 
copolymer comprised of at least one domain having a physicochemical affinity for the 
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support member and at least one domain that is chemically reactive with the cross- 
linking agent. 

73 The material of claim 67 wherein a spacer compound is interposed between the first 
layer and the bioactive species. 

74. The material of claim 73 wherein the spacer compound is selected from a member of a 
group consisting of succinic acid, diaminohexane, glyoxylic acid, short chain 
polyethylene glycol, and glycine. 

75 The material of claim 73 wherein the spacer compound is cleavable. 



76. 



The material of claim 75 wherein the cleavable spacer compound is selected from the 
group consisting of polyhydroxyacids, polyanhydrides, polyamino acids, tartarates, 



and cysteine-linkers. 
77. A vascular graft comprising: 

a porous polytetrafluoroethylene material; 

a First layer comprised of at least one species of a polymeric surfactant attached to the 
support member and cross-linked together in situ; 

a second layer comprised of at least one species of a hy drophilic polymer attached to the 

first layer, and 

at least one isomer of lysine attached to the second layer, the second layer and 
immobilized lysine serving as a blood contact surface. 
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